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Abstract 
The aim has been to improve the performance and acceptability 
of anaerobic digestion (AD) by increasing the extent of the biodegra-
dation of organic solids. This should then give a greater biogas yield 
and a reduced solids residue per unit of feed. Higher gas produc-
tion means a greater contribution to renewable energy targets and re-
duced solids output is important because disposal could become more 
of a problem in future, particularly with domestic waste and sewage 
sludge. The literature review discussed a number of methods that have 
been developed under the name of enhanced digestion to attempt to 
achieve increased solids breakdown. These include feed pre-treatments 
and temperature staging and acid/methane phased digestion. Another 
method is to retain solids within the digester and this project investi-
gated the anaerobic sequencing batch reactor (ASBR) as a means of 
achieving this. Previous work using sewage sludge in ASBRs had re-
ported an increase in gas production and flotation of thickened solids 
instead of settling, which improved performance. An objective of this 
project was to replicate this behaviour, but it oould not; settlement 
not flotation took place and the settlement performance quickly de-
teriorated. This poor settlement led to low supernatant quality, with 
high levels of suspended solids, and solids losses and decreased mean 
solids retention time. However at all stages the biogas output of the 
ASBR was similar to the traditional control CSTR, suggesting that 
the ASBR should be capable of better performance if the settlement 
problem could be overcome. The ASBR was also found to give better 
pathogen destruction and also a lower capillary suction time (imply-
ing better dewaterability), than the CSTR. Experiments on biomass 
capture and recycling with the ASBR was investigated; this used a 
recyclable biofilm carrier which allowed biomass to be separated from 
the remainder of the sludge. An objective was to use simple methods 
to improve the attractiveness of AD in decentralized systems. The 
addition of two natural substances, sawdust and paper fibre, which 
were to entrap sludge particles and drag them down· in a 'sweep floc' 
form of settlement. These were found not to have any effect on settle-
ment, because they were not dense enough compared with the sludge 
itself. Two recoverable additives, magnetite dense iron oxide granules 
and Miex@ neutral density but magnetised were then tried, but also 
had no effect on settlement. The separation of these particles would 
be improved by magnetically induced flocculation. Neither of them 
worked. The ASBR was shown to be capable of superior performance 
(solids conversion to gas) than a CSTR due to its longer SRT, but ob-
taining reliable settlement requires more investigation, as does biomass 
recycling using a recoverable carrier. 
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1 Introduction 
Anaerobic digestion (AD) has existed for as long as life itself- the very earli-
est organisms were anaerobic. These organisms have the virtue of having an 
inefficient metabolism which means that their waste products are more com-
plex than those of aerobic bacteria, but consequently more useful because of 
their fuel value. The main product is methane, a powerful greenhouse gas 
but also a clean renewable fuel. Another consequence of a poor metabolism 
is a low cell yield, which means only a small amount of waste biomass needs 
to be disposed of compared with aerobic processes; around six to eight times 
less in terms of dry solids (Metcalf and Eddy, 2003). Historically anaero-
bic treatment has been used for sludge stabilisation - that is reducing the 
amount of biodegradable organic matter to minimise further putrefaction 
and odour. A range of devices to exploit this in, at least, a semi-controlled 
manner were invented, ranging from simple ponds and septic tanks to the 
advanced bioreactor based technologies. 
Early anaerobic treatment processes for wastewater date back to 1892 
with the Mouras Automatic Scavenger which was later described as: 
the most simple, the most beautiful and, perhaps, the grandest 
of modern inventions (McCarty, 1982). 
The process has been used as the process of choice for sewage sludge treat-
ment for a century and biogas has been acknowledged as an energy source 
for as long. Methane was first used as a fuel for lighting as far back as 1895 
when biogas was used for heating and lighting at the treatment works in Ex-
eter and in 1897 biogas was used for running gas engines at a leper colony 
in Bombay (McCarty, 1982). In Germany experiments with gas collection 
and heating were carried out in 1914 and led to large scale injection of bio-
gas into the municipal gas system in 1923 and subsequently for electricity 
generation, heating and motor fuel into the 1930s. It was also recognised 
in the 1930s that there were temperature optima for anaerobic treatment 
with digestion rate increasing with increasing temperature, and mesophilic 
digestion using digesters heated by burning biogas came into use. Biogas 
was used for electricity generation in the 1940s and 50s but cheap fossil fuels 
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Figure 1.1: Oil production. 
and cheap electricity made it uneconomic. In the 1950s mixing was intro-
duced and it was also found that retaining biomass within the digester could 
allow lower hydraulic retention times and the anaerobic contact process was 
proposed for industrial wastewaters. 
The comparatively rapid growth rate of aerobic organisms and conse-
quent smaller plant size meant that anaerobic treatment was not used for 
large waste water treatment plants. Aerobic treatment was seen as more 
stable, effective at ambient temperatures and cheaper than anaerobic pro-
cesses, so anaerobic processes were restricted to septic tanks for smaller 
communities. The OPEC oil embargo of 1973, which doubled the cost of oil 
stimulated interest in alternative fuels. Figure 1.1 indicates how oil price 
has varied since that first rise. 
Environmental groups also began to raise concerns over the sustalnability 
of resource use and greenhouse gas emissions. The new interest in renew-
able energy and better recycling to reduce dependence on mineral oils also 
stimulated interest in AD. Interest in AD was revived by industries that 
produced high strength effluents which now had to be treated before dis-
posal, due to the introduction of full cost recovery by the utilities for the 
treatment of industrial effluents discharged to sewers. The Netherlands was 
the centre of early AD development in Europe led by Gatze Lettinga who 
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developed the UASB for the treatment of food processing wastes; the first 
UASB started operation in 1977 (Lettinga, 2001)and the strong support 
given in the Netherlands was perhaps a turning point for the widespread 
industrial use of high rate, high efficiency anaerobic digestion. 
However when each crisis was over, fuel prices subsequently decreased 
and interest in alternative energy also decreased, as the cost of renewable 
energy was always higher than that of fossil fuels. AD never quite became 
the first choice for either solid waste or effluent treatment or as a renew-
able energy source. The exceptions were India and China where simple, 
unmixed and unheated small scale digestion has been used to digest manure 
to provide biogas for cooking and lighting. In India the 'Gobar' digesters 
were widespread, digesting cow dung. In China household digesters became 
widely used, with animal and human manure as the feed. In developed · 
countries cheaper arguably better managed options such as landfill have 
been more attractive for solid waste disposal. The availability of centralised 
sewage treatment systems has removed the incentive for small local systems, 
but a greater awareness of sustainabili ty and environmental damage are pro-
moting alternative technologies. Research worldwide is being carried out to 
improve and extend the range of materials that can be treated by AD, as 
evidenced by the biennial IWA conferences on AD, such as (Hartmann and 
Ahring, 2006) and (Guiot et al., 2005). A 'Web of Science' search for 'anaer-
obic digestion' for the last five years carried out on April 2nd 2007 listed 
1866 results. For comparison, searching for 'activated sludge' for the same 
period gave 3892 results. 
The most widespread application of AD is for sewage sludge digestion 
which is a high solids waste at typically 2- 4% dry solids, and the subject 
of this project, although the results could be applied to any organically 
enriched material. AD is also widely used for municipal organic refuse, 
agricultural and industrial wastes, where the reactor solids contents range 
from 20% to < 1% dry solids. 
Most of the recent previous research work has been in the development 
of advanced bioreactor technology for strong low solids ( <1% dry solids) 
industrial wastes which has resulted in the anaerobic filters, the UASB and 
the ASBR. These have arisen from the need to overcome the limitations 
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of low growth rates and low yields of anaerobic bacteria. For higher solids 
digestion, e.g., slurries, there has not been a lot of progress in developing new 
systems such as have been developed for soluble and low solids wastes. High 
solids wastes contain suspended solids as well as dissolved solids. In this 
case high solids wastes are defined a8 sewage sludge, farm slurries and other 
agricultural wastes and the organic fraction of municipal solid wastes at 
less than 10% dry solids. There has been other work published on semi-dry 
digestion, that is solids greater than 10% where mixing .is achieved by augers 
and screws. The suspended solids are a mixture of inert mineral materials, 
biodegradable organic particles and refractory or very slowly degradable 
particles. A change in design which has become common is to thicken dilute 
solids suspensions to improve the efficiency of digesters with higher solids 
feeds. Sewage sludge is thickened before digestion, and the TS content is 
then around 4- 6% (CIWEM, 1996). 
Developing improved systems for high solids wastes is difficult because 
problems achieving good mixing and then subsequent good separation of the 
solids. The existing designs of CSTR, which have asset lives of 70 years, have 
been regarded as performing well enough for the digestion of sewage sludge. 
There have been reviews of digester performance (Noone and Brade, 1982; 
Brade, 1981) and the process has become better understood, particularly 
the importance of retention time, temperature and mixing. Attitudes have 
changed with the introduction of more stringent environmental standards 
for potentially toxic materials and the possibilities of pathogen transfer. 
The interest from environmental pressure groups and the value of biogas 
have also become drivers for the take-up and improvement of AD. Regu-
latory changes include recycling targets for municipal waste, landfill taxes, 
the climate change levy, gate fees and the Renewables Obligation, which 
obliges electricity generators to produce a certain amount of electricity from 
renewable sources. Any improvements which increase biogas yield, hence 
income, would be very desirable. The recycling of digested sewage sludge to 
land, the main disposal route, has become controversial, and its long term 
future will need support and research. This is due to public perceptions 
of the health and environmental effects of sewage sludge in the food chain. 
Incineration is the most common alternative in Europe to digestion but its 
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application has been limited by difficulty in getting planning permission for 
new incinerators, again a matter of public perception of the hazards of emis-
sions. Another objective of new developments in AD would be to reduce the 
disposal to land problem by reducing the amount of sludge by better diges-
tion. This goes together with increased gas production, which would result 
from more biodegradation. The ideal would be zero solids output but this is 
unattainable with this type of waste as it contains such a large proportion 
of inert and non-biodegradable components. 
Enhanced digestion is the amalgamation of a number of techniques to 
. improve the performance and efficiency of AD. A list of pre-treatments as-
sembled for this thesis was: 
o Pasteilrisation to produce a better soil conditioner (Class A sludge) 
o Mechanical treatment to break down cell walls and reduce particle 
sizes (ultrasonics, maceration) 
o Screening and thickening to reduce inert solids build-up, and to reduce 
heat demand. 
• Chemical treatment 
• Two phase digestion and/ or temperature staging 
• Solids retention by recirculation or immobilisation 
• Sequencing batch reactors 
• Gas recirculation 
• Co-digestion 
• Improved mixing 
• Heating (heat exchangers, insulation, solar heating), 
• Low temperature operation with cold disinfection 
• Improving operation of engines by gas clean up. 
5 
o New power generation technology 
The more common of these techniques are reviewed in section 3. 
In modelling AD, solids retention should be distinguished from biomass 
retention. In systems with low solids feeds, all the solids are considered to be 
biomass, but with high solids feeds the biomass is mixed with other slowly 
degrading suspended solids. Some of this material rapidly degraded, some 
slowly and some is non-biodegradable and should not be retained within the 
digester, because if it builds up in the digester it could become inhibitory 
or detrimental to the mixing and reduced active volume. Being inert it 
reduces the working volume of the reactor, lowers the HRT and may lead 
to a reduction in volatile solids (VS) removal. Only the biomass is useful, 
so it would be beneficial to be able to separate the biomass from the inert 
components. The two are indistinguishable by routine analysis so there is 
no simple means of separating them directly. One potential answer is to 
have the biomass in a different form which can be separated. Granulation 
is the common method, and granules could be separated by settlement. 
Granulation does not happen with high solids waste so alternatives were 
also considered as the main aims of this thesis. Techniques described were 
based on the selective recovery of biomass carriers. 
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2 Anaerobic digestion in practice 
2.1 Waste treatment 
The benefits of AD are well known- reduction of the mass of organic solids 
through conversion to biogas and therefore reduced odour, destruction of 
pathogenic organisms and use of the solid residues as a useful fertiliser and 
soil improver. The organic residues are beneficial to soil, with effects such 
as: 
• increased water holding capacity 
• better soil structure 
• increased available plant nutrients 
• more organic matter 
• trace elements. 
Loss of soil organics and water is a major consequence of intensive agri-
culture when supported by inorganic fertilizer. AD is also carbon neutral 
as it uses organic matter ultimately derived from growing plants. AD can 
be used for combined urban wastes; it can supply electricity and heat for 
towns and cities. 1.3 to 3% of the renewables target could be met using 
technologies suited to the urban environment. For example, London sewage 
works have a potential for digesting an additional 600000 tonnes of munic-
ipal solid waste using currently underused plant. Smaller scale community 
based AD systems could also produce 1.6 MW of heat by 2010 using MSW 
(Anon, 2004). This could be done in any city or town; AD plants are best 
sited at existing sewage treatment works or waste recycling facilities where 
there are established and monitored outlets for the residues. In a built-up 
area there is the possibility of providing district heating using waste heat 
from the digestion plant. AD would become a part of the waste reduction, 
recycling and reuse philosophy. 
Improvements in reactor design have resulted almost exclusively in the 
use of AD for industrial effluent treatment. There are around 500 of these 
systems worldwide, used in food processing, the drinks industry, breweries, 
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distilleries, the paper and chemical industries. The food industry is the 
biggest user of AD, 40% of the total in 2001, followed by brewers and soft 
drinks at 25% (IEA, 2001). In particular food industry effluents are warmer 
and stronger than sewage effluent which makes anaerobic treatment more ef-
fective than aerobic treatment which is destabilized by these factors (Mosey, 
1981). In these cases it is used as a pre-treatment to reduce the amount of 
organic matter and to reduce effluent disposal costs. The biogas is a bonus 
which can be used for generating electricity or producing steam or hot water 
for industrial processes. 
AD is also widely used in some countries for processing agricultural 
wastes, Germany being the leader with 380 agricultural AD plants in 2001 
(IEA, 2001, Table 1). In Denmark in 2005 there were 20 centralised biogas 
plants and 60 farm scale plants treating a mixture of around 70 - 80% ma-
nure and 20- 30% various industrial wastes (Angelidaki et al., 2005). The 
only equivalent in the UK is Holsworthy Biogas in Devon which processes 
approximately 400 tonnes of mixed agricultural and food industry wastes 
per day or 146000 tonnes per year assuming that it is working continuously. 
This generates six million cubic metres of gas per year and 14 GWh of elec-
tricity per year (Energy Systems Research Unit, 
http: I lwww .esru.strath. ac. uk/EandE /Web.Bites 103-04 /biomass I 
case%20studyhols.html) 
As well as its success in industrial and agricultural waste treatment, some 
developing countries such as India and Brazil are now beginning to use AD 
for whole wastewater treatment, because of the warm climates, which re-
moves the need for reactor heating, and the capital costs are lower than in 
Europe (Greenfield and Batstone, 2005; Lettinga, 2005). UASBs are used in 
these applications; because the waste is so dilute biogas output is insufficient 
for digester heating, hence the use in warm climates and stronger sewage. It 
is likely that in the future AD will play a larger part in sewage treatment as 
power costs escalate, and especially decentralised sewage treatment systems 
which close the water and nutrient cycles (Lettinga, 2005, 2001). An ideal-
ized version is illustrated in Figure 2.1.1, where AD, both for solids (AnDi) 
and liquids (An WT) plays a central part. 
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As AD does not remove all the organic matter and leaves a chemical 
oxygen demand, an aerobic post treatment stage is usually necessary to 
bring the effluent quality up to the required standard particularly in relation 
to ammonia and sulphides. In rural areas this could simply be a pond or a 
reed bed. The idea of separating solids and liquids at source such as grey 
water and black water and solid wastes and digesting them separately close 
to the source is part of the DESAR (decentralised sanitation and reuse) 
concept (Lettinga, 2001). This minimises the transport of materials and 
allows local reuse of resources. It is intended to replace centralised treatment 
and sewerage systems with a more sustainable system using less energy and 
less water, or to provide sanitation in areas where a centralised system does 
not exist. 
In the UK, the Government is considering the recommendations of the 
Government Strategy Unit in their report Waste Strategy 2000 (DEFRA, 
2000)on ensuring financial incentives to develop new waste technologies such 
as AD, pyrolysis and gasification. In Waste Strategy 2000 AD is mentioned 
under the heading of new and emerging technologies, with reservations about 
cost and the degree of waste segregation needed to produce a marketable 
digest ate from MSW. AD is also mentioned in the RCEP report on en-
ergy (RCEP, 2000) as a treatment for farm slurries but other than this 
there is little acknowledgement of the additional contribution AD can make 
in wastewater, MSW, agricultural and industrial waste treatment. AD is 
still poorly understood, being regarded by DEFRA as 'new and untested 
emerging technology', despite its long use in sewage sludge treatment and 
other applications elsewhere in the world, it is still seen as a non compet-
itive technology at the research and development stage. It is difficult to 
get investment funds - financial institutions have either not heard of it or 
see it as too risky. Reasons for poor take-up of AD have been enumerated 
(Switzenbaum, 1995; Tafdrup, 1995). Typical reasons are: 
o need for more research and development 
o decline in energy prices and difficult access to energy markets 
o poor data on economics - AD is not necessarily the most economic 
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solution 
• need for pre-processing and post treatment 
o existing investment in other technologies 
• early failures 
• low credibility 
• lack of experience. 
o low energy yield it can benefit from higher solids, eo-digestion and 
better process efficiency 
• high capital and operating costs R&D is needed to improve design 
and operation 
• bad reputation due to previous failed projects 
• lack of awareness of enviromnental and agricultural advantages 
• lack of commercial interest - lower cost solutions, for instance, com-
munity projects are needed 
• lack of cooperation between interested parties such as electricity com-
panies 
o legal obstacles such as restrictions on the use of meat waste 
• bankability - seen as risky by lending institutions. 
For a commercial AD plant, income would be from the sale of electricity, 
waste treatment fees and the sale of fertiliser. AD has the advantage of 
being unobtrusive so planning permission for AD plants should be less of a 
problem than for other forms of renewable energy, and is well understood 
by its current users. 
Although incentives are valuable they can lead to trouble. This can hap-
pen if the incentive is just for one aspect of the operation such as electricity 
generation which could lead to problems with supplies of feedstock and use 
of residues. This happened with !arm scale digestion in Germany where high 
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prices for electricity were offered. The number of plants doubled, causing 
feedstock to become harder to obtain. Gate fees for waste treatment fell as 
the plants competed with each other resulting in many becoming non-viable 
(Heslop, 2003) . Incentives need to be planned and co-ordinated to take into 
account all aspects of the system. 
Biogas may be upgraded to pure methane to provide a fuel for transport 
or for injecting into the natural gas network. Standard vehicle conversions 
for compressed natural gas (CNG) can be used. The amount of biogas avail-
able nationally is too small to make any difference to the amount of natural 
gas that would need to be imported to meet the heating and industrial 
demand in the UK 
The fate of the solid residues from AD is more problematical and could 
limit the use of the process. The use of digested sewage sludge on agricultural 
land is regulated in Europe and the UK. The Safe Sludge Matrix (ADAS, 
2001) , agreed by the water companies and the food retail industry pre-
scribes how treated sludge can be applied to various crops. This outlet is at 
risk because of concerns over pathogens, residual organics and heavy metal 
concentrations. While sewage sludge is highly regulated it is only 2% of the 
waste spread on land, the great majority being farm animal waste which is 
not as vigorously regulated (Tyson, 2002). Application of farm waste are 
restricted by the potential to cause problems in surface water from run off 
of nutrients (N and P). Estimated quantities in 1998 were 21 million tonnes 
of manure compared with 430 thousand tonnes of sewage sludge disposed to 
land (Tyson, 2002). The EU Urban Wastewater Treatment Directive Article 
14 states that 
'sludge arising from wastewater treatment shall be re-used 
whenever appropriate. Disposal routes shall minimise adverse 
effects on the environment.' 
Sludge is seen as 'waste' whereas it perhaps should be seen as a recyclable 
resource and the most appropriate re-use is to recycle it back to land. If 
this route is put under threat water companies would have to consider less 
environmentally benign ways of disposing of sludge, such as incineration. 
After incineration, 30% of the dry solids remains as ash (Matthews, 1992). 
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AD does not do as well as this because incineration converts both biodegrad-
able and non-biodegradable material to ash. Getting planning permission 
for new incinerators may be difficult, possibly influenced by opposition to 
municipal waste incinerators (also known as Energy from Waste plants, as 
if this was the only source of energy from waste). New incineration plants 
will have to conform to the Waste Incineration Directive (DEFRA, 2006), 
and existing ones from 2005. This also includes pyrolysis, gasification and 
plasma. These regulations are a disincentive to build new incinerators, al-
though technically it is very effective at reducing mass to a small amount of 
hazardous material. The Government is currently in favour of increasing the 
use of incineration for municipal waste, (27% of municipal waste by 2020), 
so planning regulations may be relaxed. Technologies for energy recovery 
from sludge were discussed by Rulkens and Bien; they listed ten technolo-
gies. They considered AD to be a well known and reliable process, along 
with various incineration options and use in cement and building materials 
production (Rulkens and Bien, 2004). The planning system may also make 
the construction of entirely new AD plants more difficult, but only on green 
field sites (this is not confined to renewables). Objections are made based on 
possible odour and heavy traffic, as well as the ever present NIMBY activists 
which have been such a problem for wind power developers. AD plants can 
be unobtrusive and can be blended into the landscape. Odour should not be 
a problem in a properly run plant. Traffic nuisance should be minimised by 
proper siting, for instance at an existing sewage treatment works or waste 
facility kept well away from residential areas. 
All this comes at a time when stricter regulation on effluent quality 
means more sludge will be produced. Use of landfill is being phased out 
and the range of disposal options are reducing. A new approach may be to 
try to reduce the sludge output by changing the way processes operate. It 
may be possible to improve the destruction of organic solids while retaining 
as much as possible within the system. Primary sludge typically contains 
6% total solids, 65% of which are volatile solids (Metcalf and Eddy, 2003, 
Table 14.4) . Some of the volatile solids may not be biodegradable and the 
CSTR, being inefficient, typically degrades up to 50% of the biodegradable 
material. Nevertheless it may still be possible to substantially reduce solids 
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output. Even simple solids recycle has been reported to reduce solids by 50% 
(Torpey and Melbinger, 1967) . Using more efficient high rate reactors may 
give even greater reductions without a parallel direct increase in aeration 
costs. 
2.2 Renewable Energy 
The introduction of the Non Fossil Fuel Obligation (NFFO) introduced in 
1989 in England and Wales provided an incentive to develop renewable re-
sources by offering premium prices for electricity from renewable sources. 
The price was fixed for 15 years. There were five NFFO awards altogether 
in England and sewage gas was supported only in the first two. In NFFO 1, 
there were six sewage gas projects producing 5.98 MW. The total number 
of projects in this round was 59 producing 141 MW. In NFFO 2, there were 
18 sewage gas projects producing 19.1 MW. The total number of projects 
in this round was 80 producing 172.4 MW. 
The NFFO was succeeded by the Renewables Obligation in April 2002. 
Electricity suppliers have to obtain a proportion of their electricity from 
renewable sources. This will be 10.4% by 2010 rising to 15.4% in 2015/16. 
For the 2004/5 period it was 4.9%. Renewable generators supply Renewable 
Obligation Certificates (ROCs) to suppliers as proof that the electricity is 
from an accredited source. One ROC is issued per megawatt of electricity 
supplied per month. This meant that only large generators were eligible 
for ROCs and so a change in the regulations in April 2004 allows small 
generators to be awarded ROCs based on annual output. A small generator 
is one with a declared net capacity (DNC) of 50 kW or less. Suppliers 
can avoid obtaining ROCs by opting for a 'buy-out' price of three pence 
per kWh. This limits the price of renewable electricity to the wholesale 
price plus the buy-out price, which caps the cost of electricity to consumers. 
Buy-out funds are recycled back to suppliers; the buy-out price for the fifth 
year of the Renewables Obligation is £33.24 per MWh which applies for the 
obligation period 1 April 2006 to 31 March 2007 (PR, 2006).ROCs can also 
be traded separately from the electricity they are associated with. The way 
that ROCs are distributed between the different technologies is shown in 
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Figure 2.2.1. 48.2% of ROCs are for landfill gas and 5.5% for on-shore wind. 
3.6% are for sewage gas. The number of non sewage gas digesters is so small 
that they would constitute a tiny proportion of the 0. 7% of 'others'. 
During the period 2005/6, for the whole of the UK, sewage gas accounted 
for 75.8 MW, compared with 770.7 MW from landfill gas and approximately 
1.6 GW from onshore wind. (OFGEM, 2006). Over the sixteen year period 
1990 to 2006, energy production in GWh from different renewable sources 
are shown in figure 2.2.2 (DTI, 2006). 
This shows that landfill gas production rose rapidly from less than 500 
GWh to over 4000 GWh. Wind and eo-firing also increased rapidly. MSW 
combustion rose up to around 1998 then levelled off at around 1000 GWh. 
This is when new emission control regulations (EC directive 89/429 /EEC) 
came into force and older incinerators had to close; output from MSW then 
stayed roughly constant. Over the whole sixteen year period biogas pro-
duction stayed roughly constant, showing that there appeared to be little 
additional deployment of this process. The total resource from sewage sludge 
is modest compared with other renewable technologies. On a national scale, 
approximately one million tonnes dry solids (DS) is produced annually , 
of which approximately 50% is used on farmland in the form of digested 
sludge. Assuming the feed has 70% VS and 40% VS destruction with 1m3 
biogas/kg biodegradable solids destroyed, gives 140000000 m3 biogasjyear. 
At 23 MJ jm3 biogas and 30% electrical efficiency, this gives 537 GWh/year. 
If national consumption is around 310 TWh/year, this amounts to 0.2% of 
the total. In the Northwest region, featured in this research, United Util-
ities digested 237000 tonnes DS sludge according to their June return to 
OFWAT in 2005. Using the above quantities, this would produce 66360000 
m3 biogasjyear which in turn would produce 127 GWh/year. United Util-
ities supplied 25757 GWh in 2003/4 so biogas could have accounted for 
0.49% of this. The Northwest renewables target is 588 MW DNC by 2010 
which is around 5151GWh/year. This is approximately 8.5% of the gener-
ating capacity in the region. Biogas production would make up 2.3% of this 
target. 
However a report by (Anon., 2003) for the DTI has stated that sewage 
sludge could supply 0.5% of UK electricity in 2020 although this includes 
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technologies such as gasification and pyrolysis. By 2010, AD could pro-
vide 0.4% of loial UK electricity with 411 0.5i\I\\' plants. but achieving it 
would need more efficient generation than the current 30%. In the con-
text of biomass energy, AD has a very low profile, with technologies such 
as incineration, pyrolysis and gasification being more prominent. ln the 
PIU Energy Review (PIU, 2002) and the Energy White Paper (DTI, 2003), 
AD was mentioned only once, in the context of murucipal waste treatment. 
AD as a significant energy generating process alone may not be econom-
ically viable wlless it is part of an integrated waste management system 
with mixed wastes and incentives to use the residues to make the process 
economic (Biogcn). The water corupailles have regarded AD as primarily a 
waste treatment process; tills is the reason for using it, for sludge reduction 
and stabilisation. The energy potential has not so fru· been fully exploited 
as water comparues have not seen themselves as electricity generators. 
The use of embedded power generation is predicted to increase aud is 
seen as one way of contributing to the 10% renewables target. It includes 
all form of renewable generation and CHP using natural gas. CHP systems 
associated with AD are mostly based on internal combustion engines, sup-
plying electricity and heat for the digesters. Internal combustion engines are 
predominant ly used with sewage sludge digestion with mkrotw·bines being 
tested at some works. Fuel cells arc still in the development stage and have 
not been demonstrated in tills country with biogas. Gas cleanup may be 
needed if there are high levels of hydrogen sulphide and siloxanes. Charges 
for grid connection and usage will also add to overheads. Surplus heat could 
be used for beating buildings, gTeenhouses or fishponds although W\iVTPs 
may be too remote from potential users for this to be done. At the moment 
the heat has no value as a renewable resource. There has been a proposal for 
a Renewable Heat Obligation. contained in the Climate Change and Sustain-
able Energy Bill wltich was passed in July 2006. Tllis would be analogous to 
the ROC scheme, where heating fuel suppliers would have to supply some 
proportion of fuel from renewable sources. Tb is would help to increase the 
use of CHP which has been penalised to some extent by the New Electric-
ity TI·ading Arrangements (1 ETA). The Larget for CHP electrical output 
was 10GW by 2010: it is currently around 5 G\\' . Like other biomass power 
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generators. AD can supply continuous power, which is available on demand , 
unlike intermittent sources such a wind and ola.r. In this respect it i like 
fossil fuelled generators and can be lreated in the same way. In an inLegrated 
renewable generation system AD and oLher biomass somces could provide 
baseload power with the intermittent sow·ces providing 'top-up' power when 
available. 
W~'TPs use energy intensive proces es such as aeration which will in-
variably use non renewable energy. and the processes themselves can gen-
erate carbon emissions, principally C0 2. The need to reduce greenhouse 
gas emjssions from WWTPs themselves has been investigated by Greenfield 
and Batslone; their conclusion is that increasing costs due to carbon emis-
sion penalties will cause a shift to less energy intensive processes, which 
means a shift to anaerobic processes (Grecnfield and Batstone, 2005). They 
suggest that these could include psychrophilic digestion - no heat would be 
needed so all heat from CHP would be available for other uses. The analysis 
was not very e>..'tensive and may need more quantitative information on hy-
drolysis at low temperature as AD follows the standard Arrhenius equation. 
1eeting the pathogen reduction standards would also mean using additional 
pastew·isation methods, perhaps UV light or ozone. This would be an elec-
trical load rather than a heat load; how much it would be depends on how 
much energy is needed to effectively kill the bacteria and further work is 
needed to determine the best options. Although it was not mentioned. the 
anaerobic sequencing batch reactor (ASBR), featmed in thls research could 
also be included in the list. The ASBR is covered in section 3.3.1. Iitrogen 
removal can also be done anaerobically, using the Anammox system, and 
phosphorus removal would also be possible (Greenfield and Batstone, 2005). 
2 .3 Why use enhanced digestion? 
AD has t he advantage of being a 'dual use· technology. It is a waste treat-
ment. process whlch produces useful solid and liqwd products whkh can 
be reused in agricultw·e and whlch also generates a renewable fuel. It can 
contribute to the renewabl~ target in a smaU way but thls is also the case 
with other renewables. Thls contribution from biogas can be improved by 
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re e<u·ch on increasing biogas production by breaking down more of the po-
tent ially biodegradable material in t he feed. At the same time there is a 
need to minimise solids output, particularly from sewage sludge digestion 
where the reuse options are at risk and require transport. Enl1ancement 
of the process will help to secure its future as a viable treatment option 
by at least partially overcoming the solids reuse problem. Thus the focus 
of this thesis and subsequent sections of t he li terature review are on ways 
of enhancing the digestion process, and one of these. the sequencing batch 
reactor, is the subject of t h.is project. 
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3 Enha nced Digestion in Stirred Tank R eactors 
3 .1 Sludge pre-treatm en t 
Pre-treatmcnts are used to increase the biodegradability of the feed. If 
there arc suspended solids the hydrolysis step conversion of solids to a 
soluble form is the rate lintitiog step in anaerobic biological systems. Pre-
treatment can reduce particle size gi,·ing greater sw-face area for enzyme 
actiYity and so increase solids destruction rate and consequently improve 
biogas production.De"·atering may also be improved due to higher soHds 
content and less bound water. The amount of sludge to be disposed of is 
aJ o reduced. Different methods of pre-treatment are not easy to compare 
but two measw·es that may be used for this purpose are specific energy. the 
amount of energy needed to stre a certain amount of sludge (kJ / kgSS) and 
the degree of di. integration as determined by the amount of COD released 
(Muller 2000b).The main effect of pre-treatment is to break down polymers 
and the cell walls of waste activated sludge (\VAS). Partial break down of 
recalcitrant substances such as lignocellulose also occw-s and pre-treatment 
is most effective when the feed sludge contains these. Pre-treatment methods 
arc: 
• addition of enzyme. 
• super oxidation (ozonation. UV, catalytic oxidation) 
• chemical solubilisation 
• ultrasound or sonication 
• thermal treatment. 
• mechanical disintegration. 
3.1. 1 Mechanical methods 
Mechanical disintegration method include: 
• Ball mill - metal balls stirred in a rotary motion which disintegrate 
material by shear and pressw·e force 
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• High pres w·e homogeniser - creates cavitation by pressw·ising the 
sludge to several hundred bar. Lben suddenly releasing the pressw·e 
to the dew point of waLer creating bubble. which collapse induciug 
huge pressure gradients and high temperatmes. 
• Ultrasonic homogenisers - also create cavitation bubbles using ultra-
sound . 
• Jet coUi. ion - high pressure s ludge is released through a nozzle at 
speeds of 30 - 100 m/s to collide with a metal plate. 
• Lysat centrifuge- a centrifuge which has a disintegration device which 
creates shear forces at the thlckened sludge outlet (Muller. 2000a). 
The jet collision technique has been investigated (1\ah et a l. , 2000) using 
30 bar pressme. A nozzle of 2.49 mm (0.09 '') d iameter was used with the 
collision plate 30 mm (1.18") in front of it. It was found that SS decreased 
and colloids and dissolved solids increased. SCOD and STOC increased 5-
7 times, proteins 2.5 t imes. SS decreased about 5%. When the pre-treatcd 
sludge was digested. VS reduction was around 30%. gas production averag-
ing 10 L/ kgVS removal with a CILt content of 70%. These values stayed 
almost constant at SRTs of 6. and 13 days. The removal efficiency is 
about the same as a digester without pre-treatment but with shor ter SRT. 
This system may be costly, needing a hlgh pressme pump capable of car-
ry ing sludge. Erosion of the nozzle and collision p late will also mean their 
periodic replacement. Angelidaki and Ahring (2000) tried to increase lbe 
biodegradability of cattle manw·e using maceration and hlgh pressure ho-
mogenisation. The hlgh pressure treatment entailed pressmising the manw·e 
up to 100 atm then releasing it to atmospheric presstu·e through a 1.2 mm 
apert ure. Table 3.1.1.1 shows the result from their batch digestion experi-
ments in whlch the volume of methane was produced over a period of 45 to 
60 days. 
A CSTR fed with macerated manu1·e produced approximately 17% higher 
biogas potential than a control CSTR receiving untreated manw-e. Disinte-
gration by sonication use ul trasound in the 20 - 30kHz range to creat.e cavi-
tation bubbles. T hese rapidly implode generating high shear forces and high 
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temperatures breaking down cell walls. The higher the solids concent.ration 
the greater the effect. WAS was more affect.cd t han primary or digested 
sludge because of the high concentration of micro-orgarusms. The degree 
of disintegTation increases as energy input and sonication t ime increases. 
Sonication has a negative effect on dewat.erabili ty because it creates smaller 
par ticles which have a larger surface area for holding water (Quarmby e t al.. 
1999). 
Using a 31 kHz sonicator on 1.2 1 of \i\"AS at 3.6 k"" for 90 s gaYe the 
results shown in Table 3.1.1.2 
Biogas yields were 527.7 - 730 1/ kgVSS with methane concentration 
between 67- 72% (::\eis et al. , 2000). Their conclusion was that cavitation 
generating shear forces was the disintegration mechanism . Increasing the 
solids concentration gave more efficient. disintegration because there were 
more cavitation sites and a greater probability of particles being affected 
by cavitation. (Tiehm et al .. 2001) carried out experiments using a range 
of frequencies and sorucation times which demonstrated that disintegration 
efficiency increased as frequency dE-creased. Thi was thought to be due to 
lower frequencies producing larger cav itation bubbles. A range of sorucation 
times from 7.5 to 150 minutes was used. WAS sonicated for 150 minutes 
produced a total of 4.151 of biogas compared to 2.931 in the control reactor. 
The methane percentage in the biogas was a lso increased. Volatile solids 
destruction was over 30% at the lowest [requency compared with 23.5% in 
the control reactor. Quarmby used two energy levels. 111 Wmin and 356 
\Vmin. The sonicator consisted of two parallel plates vibrating at 16 kHz 
and 20 kHz. They found li ttle difference in gas production but. methane 
CH4 increase % 
1\llaceration to < 0.35 mm 20 
U aceratioo to 2 mm 16 
High pressure 17 
Table 3.1.1.1: Methane increase with maceration and high pressure treat-
ments (Angelidaki and Ahring. 2000). 
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SRT VSS redn% 
16 42 
8 38 
4 32 
Table 3.1.1.2: VSS reduction after sonication (Neis et al., 2000) 
concentration in the biogas was 6% higher than in the control digester. 
There is no mention of the effect of this on other operating parameters 
such as temperature and pH. Soluble COD increased as sonication energy 
increased. Sonication systems are commercially available (Quarmby et al., 
1999).The Purac Sonix system is claimed to give a 40% increase in biogas 
production and can handle up to 80% WAS in the feed. The payback time 
can be two years or less. The Dirk Group also supply a system which was 
also claimed to give an increase in biogas yield of 25 - 40%. 
3.1.2 Chemical and biological treatments 
Chemical and biological pre-treatments include oxidation and partial hy-
drolysis using ozone, alkali hydrolysis and enzyme addition. Ozonation has 
several effects as reported by (Scheminski et al., 2000): 
• cell walls are broken down releasing cell contents 
• proteins and polysaccharides are broken down into simpler molecules 
• lipids are broken into short chain fragments which are soluble in water 
Soluble COD is increased but dewaterability is decreased due to the cre-
ation of fine non settleable particles. In experiments performed by Weemaes, 
sludge ozonised at 0.1g03jgCOD produced 9.11CH4/kgCOD compared to 
control sludge producing 4.3 lCH4jkgCOD, a 47% increase. In other batch 
digestion tests efficiency calculated on the basis of methane production in-
creased from an average 37% to an average 48%. A dose of 0.1 g03jgCOD 
gave an average increase in soluble COD of 29% (Weemaes et al., 2000). 
Chemical treatment with strong acids or bases can break down lignocellulose 
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CH4 increase % 
NaOH 20g/kgVS 13 
NaOH 40g/kgVS 23 
NH40H <20g/kgVS 0 
NH40H 40g/kgVS 23 
Na0H:KOH:Ca(OH)2 40g/kgVS 20 
Table 3.1.2.1: Effect of chemical pre-treatment on CH4 production (from 
Angelidaki and Ahring, 2000.) 
separating the biodegradable cellulose from the lignin. Table 3.1.2.1 shows 
the effect on biogas production of adding bases to cattle manure. 
Biological pre-treatment has similar aims to chemical treatment but uses 
enzymes to achieve them. Research in this field is concerned with ethanol 
production from biomass, but it is applicable to AD. A hemicellulose degrad-
ing bacterium has been tried with cattle manure and was found to give a 30% 
increase in CH4 yield (Angelidaki and Ahring, 2000). (Parker et al., 1998) 
have tested five enzyme additives with municipal sludge and only one gave 
significantly different results from the control. This was Biocope which is a 
mixture of enzymes actually intended for aerobic applications. (Lagerkvist 
and Chen, 1995). have tested Econase on MSW. Degradation was improved 
under both acidogenic and methanogenic conditions in simulated landfills. 
Whether the cost is justified would have to be determined by field experi-
ments. Econase@ (Park Tonks) contains cellulase, hemicellulase, protease 
and amyloglucosidase. Alken- Murray produce Clear- Flo@ which contains 
several strains of bacteria as an additive for anaerobic digesters. They claim 
this augments the natural population of bacteria, increasing the degradation 
rate at lower temperatures with more efficient production of methane. The 
use of enzymes depends on economic cellulase production, which is still very 
expensive. 40% of the total cost of ethanol from cellulose biomass is for 
cellulase production (Miyamoto, 1997). More and better experiments are 
needed in this area if these types of pre-treatment are to be confirmed as 
effective. 
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3.1.3 Thermal treatments 
Thermal treatment requires heating sludge up to a high temperature, pos-
sibly under pressure. The effect is to break down cell walls. Temperatures 
range from 40oC to 170°C. 70oC is frequently used for pasteurisation. (Wechs, 
1984) found that pasteurisation raised the soluble fraction of COD in sludge 
by 220%. Increase in gas production averaged 8% and methane concentra-
tion increased by 1%. Dewatering was also improved . Thermal hydrolysis 
pilot plant has been tested with food wastes using temperatures between 
160"C and 200"C, pressures up to 40 bar and residence times up to 60 min-
utes (Schieder et al., 2000). At its best 70% of the solid matter was converted 
to dissolved matter. More than 80% of the dissolved COD was converted 
to biogas in 5 to 6 days. After five days gas production was 5001/kgCOD 
compared with 4 701/kgCOD after 20 days for untreated waste. A similar 
system was installed at a WWTP in Norway with a population equivalent of 
125000 (Kepp et al., 2000). This heats sludge which has been thickened to 
15 - 20% DS to 130 - 180oC at atmospheric pressure for around 30 minutes. 
The digester 'can be 50% smaller, with a lower retention time, COD reduc-
tion was claimed to increase from 40% to 59%. This system is marketed 
as the Cambi@ process with eight plants in Europe, including Aberdeen, 
Chertsey and Dublin, which are still working although no performance data 
are publicly available. Heating to high temperatures can be counterpro-
ductive. Using a temperature of more than 200oC can cause a decrease in 
gas yield. This is attributed to the formation of melanoidines (through the 
Maillard reaction or caramelization), formed from sugars and amino acids, 
and generating a very strong brown colouration. These are hard to degrade 
and are inhibitory. This reaction actually starts at lOOoC but increases with 
temperature, and depends on retention time (Muller, 2001). 
Enzymic hydrolysis (May hew et al., 2002) is a low temperature thermal 
treatment where the sludge is heated to 42oC with a retention time of two 
days. The intention is to destroy pathogens, but a 50% increase in biogas 
production is also a consequence. The temperature used gives an adequate 
pathogen kill without a large heat input. Pasteurisation entails heating the 
sludge to a temperature high enough and for long enough to ensure ade-
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quate pathogen destruction. It is a trade off between temperature and time: 
a low temperature for a long period reduces energy consumption but the 
long retention time needed reduces throughput. A temperature of at least 
70"C with a retention time of around 30 minutes is the standard defini-
tion of pasteurisation given by the EPA for the process to further reduce 
pathogens (PFRP) (Metcalf and Eddy, 2003, Table 14-11). The UK Animal 
By-Products Directive may also provide guidelines indicating temperatures 
linked to particle size and type of risk. For category 3 low risk meat waste 
70oC for one hour with particle sizes no greater than 12 mm is specified and 
high risk category 2 waste requires 133oC, three bar, for 20 minutes (DEFRA 
2004). 
3.1.4 Comparison of pretreatment methods 
Some of these methods have been compared using their specific energies. 
Ultrasonics uses the highest energy but was capable of the greatest disinte-
gration (50% at 10 200 kJjkgSS). The Lysat centrifuge technique used the 
least energy but was the least effective (16% at 250 kJ/kgSS). 
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Figure 3.1.4.1: Comparison of mechanical, thermal and chemical pre-
treatments 
Figure 3.1.4.1 shows the effect of specific energy on cell destruction, 
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defined as the increase in COD. In all cases disintegration increased with 
specific energy input, as would be expected. It shows that ultrasonics is the 
most effective at high specific energies but ozonation is almost as effective 
at around one tenth of the specific energy. In summary, there are a number 
of methods for sludge pre-treatment, and the choice of which to use may 
depend on the resources available at the treatment plant, as well as simply 
the cost of the pre-treatment system, both capital and maintenance costs, 
and what is actually commercially available and well tested. Resources 
include heat and electricity: heat is cheaper than electricity and may go to 
waste. If heat is available then an increased temperature treatment system 
may be the better choice than using electricity, such as ultrasonics. All the 
· alternatives are likely to have higher maintenance costs, either in chemicals 
or enzymes or in wear. This can be in the form of erosion in high pressure 
jets and ultrasonic electrodes and wear in pumps. Maintenance may be a 
large part of the running cost of the system (Muller, 2001). High pressure 
heating such as the Cambi@ system have been available for some time but 
have not really proved to be popular even though there are now a number 
of operating plants worldwide. 
3.2 Solids recycle 
Recycling digested sludge back to the digester can make SRT and HRT 
independent. As the generation times of methanogens are measured in days, 
retention times of typically 10 - 20 days have to be used to avoid washout of 
these micro-organisms. By retaining biomass inside the digester HRT can 
be shortened or a smaller digester could be used. 
3.2.1 Recycle model 
A theoretical model of the effects of recycle on micro-organism growth and 
backed up by laboratory experiments was used by ( Ouyang and Chang, 
1991). Their aim was to evaluate the kinetic constants of a digester using 
recycled solids, and predict substrate removal rates using a modified version 
of Monod 's formula and to determine the effect and stability of recycling. 
They derived an equation for growth rate using a mass balance for a system 
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similar to Figure 3.2.2.1. 
: accumulatian =influent+ recycle+ growth-effluent (1) 
(Ouyang and Chang, 1991) expressed this as 
dx 
V dt = QoXo + QrXr + VpX- (Qo + Qr)X 
V = reactor volume 
x =reactor cone (massfvol) 
Qr = recycle flow rate (volfday) 
Qo =influent flow rate (vol/day) 
Xo = cone. of micro-organisms in the influent (mass/vol) 
Xr = cone. of micro-organisms in the recycle flow (massfvol) 
X = cone. of micro-organisms in the effluent (massfvol) 
J1 = specific growth rate (mass/day) 
(2) 
Assuming steady state conditions and no micro-organisms in the influent, 
and defining a dilution rate 
equation 2 reduces to 
Q D=-V 
J1 = D(1 + R - RC) 
Where: 
D = dilution rate (/day) 
R = recycle flow ratio 
C = cell concentration ratio 
R= Qr 
Qo 
(3) 
(4) 
(5) 
(6) 
Knowing the kinetic constants and average influent substrate concentration, 
effluent substrate concentration can be predicted and compared with exper-
imental results. A safety factor was defined as: 
actual system SRT. (7) SRT at which no stabilisation occurs due to complete washout 
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Typical safety factors are 2.5- 10. Safety factor is increased with HRT and 
also with increased recycle ratio. Ouyang and Chang found according to 
their analysis HRT ::0: 12 days with recycle ratio = 1 was the most stable 
with the highest methane production (m3 /kgCOD added). 
Sludge recirculation has been suggested by Graef and Andrews (Graef 
and Andrews, 1974) as a control parameter for digesters. They found that 
reintroduction of biomass compensates for toxic shocks, by dilution and 
reintroduction of micro-organisms, but they also reported that there was 
little improvement for organic or hydraulic overload. The theory of sludge 
recycle has also been examined in (Pfeffer, 1968) with the intention of getting 
a more rational basis for digester design. It assumed two phases - acid 
fermentation brought about by breakdown of organic solids but without 
carbon reduction, followed by methanogenesis which actually stabilises the 
material. The degree of waste stabilisation is a function of SRT and waste 
characteristics. Loading rate, i.e., kgVSS/dayjm3 is an important design 
parameter - if this is fixed retention time becomes a function of the solids 
concentration in the feed. Thickening is needed to achieve high retention 
times and high loadings simultaneously. Retention times are chosen so that 
methanogenesis is not rate limiting. 
Equation 8 was derived by Pfeffer (Pfeffer, 1968) for recycle ratio assum-
ing all solids destruction is in the primary digester and there is no further 
destruction of recycled VS. Recycle ratio R is a function of solids concen-
tration .in the recycled sludge, ratio of SRT to liquid retention time in the 
primary digester and the amount of solids wasted from the system. Wasted 
solids are the difference between the mass of influent solids and volatile solids 
destroyed, represented by ( Ci - xC;v). Equation 8 was derived from a mass 
balance similar to equation 1, in this case equating volatile solids entering 
and leaving the reactor. 
t' 
""(C. - xC·v) - (C. - xC.v) R-to ' t t t 
- Cu- ~(C;- xC;v) (8) 
Where: 
R = recycle ratio 
t~ = solids retention time in the primary digester (days) 
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to = solids retention time in the system (days) 
ci = percent solids in the feed 
x = fraction of volatile solids destroyed 
C;v = percent volatile solids in the feed 
Cu = percent solids in the recycled sludge from the secondary digester 
The model predicted that recycle was more advantageous for less con-
centrated feed sludges, increasing SRT with substantially reduced liquid 
retention time by feeding a dilute sludge at the same loading rate as a more 
concentrated sludge. Gains with recycle were limited - after about R = 2, 
large increases in recycle ratio only give small increases in SRT. This also 
applies to VS destruction. It is possible for inert material to build up in the 
digester with sludge recycle but an equilibrium should be established with 
normal sludge withdrawal from the primary digester, especially if sludge 
to be recycled is drawn off from the unmixed secondary digester above the 
point where coarse inorganic solids have settled. More recent work (Maco 
et al., 1998) has shown that sludge thickness in the digester increases as recy-
cle ratio increases. They have considered both eo-thickening with incoming 
sludge and separate thickening of the recycled sludge. Mixing recycled and 
raw sludge during thickening can reduce ammonia in the digester by up to 
50%. Separate thickening without solids concentration increases the ammo-
nia from 1800 mg/1 to 2100 mg/1. Elutriation by addition of water in the 
recycle process was also used to reduce ammonia concentration, although 
the source of the water and how much actually goes into the primary di-
gester was not mentioned. Recycle may be limited by the ability of mixing 
and pumping equipment to handle thick sludges. They also conclude that 
recycling can reduce digester size or reduce solids output and increase bio-
gas production. Separate or eo-thickening have two advantages, increasing 
achievable thickened TS and reducing ammonia. 
3.2.2 Recycle processes 
One reason why digested sludge does not settle well is because of gas bubbles 
attached to the particles which make them buoyant. The solutions are to 
30 
make gravity settlement effective enough to overcome buoyancy or to remove 
the gas and the bubbles or both. This led to a number of alternative designs, 
such as the contact process where liquid - solid separation occurs outside 
the reactor, with the solids being recycled back into the reactor (Donnelly, 
1978). A typical early contact system is shown in Figure 3.2.2.1. 
......,. 
"""""" ..... 
Figure 3.2.2.1: Typical Contact Process 
ShdpW. 
...... 
Traditional methods used for solid liquid separation include: 
• conventional clarifiers or settling tanks 
• cooling 
• vacuum degasification 
• inclined plate separator 
• flotation 
• centrifuge or belt press 
Vacuum degasification using a separate degassing tank connected to a 
vacuum pump is used with a conventional settlement method. Different 
types of degassing unit exist (Naehle, 1991). The settlement tank may also 
be cooled to reduce gas production; one pilot plant described by Hawkes 
et al. used cooling coils to cool the settling tank to 25'C (Hawkes et al., 
1995). External flotation makes use of the buoyancy effect, by bubbling 
gas through the sludge or using supersaturated dissolved C02 released by a 
pressure drop. This is more effective with flocculent sludge. Inclined plates 
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give greater settling efficiency and also help to separate gas bubbles from the 
settling sludge (Defour et al., 1994). Centrifugation or belt presses could be 
used but may expose the solids to the air which could have an adverse effect 
on the anaerobic micro-organisms. There were no data in the literature on 
case studies using belt presses or centrifuges. 
The idea of retaining biomass by recycling is a very old one - it was tried 
in the 1930s (Graef and Andrews, 1974), and various pilot projects have been 
carried out since then. An early one using sewage sludge was at the Bowery 
Bay Water Pollution Control Plant in New York (Torpey and Melbinger, 
1967). The object was to reduce the amount of digested sludge to be dumped 
at sea so improving the economics of the operation using a recycle connection 
as in Figure 3.2.2.2. Recirculating 50% of digester output via the primary 
settling tanks reduced the volume dumped at sea from 590 m3 to 318 m3, a 
reduction of 46%. However the final effluent discharged from the works had 
too high a level of solids thought to be caused by the continuous recycling 
of inert solids. The plant was modified to get thicker digested solids. For 
six months after this change mixed sludge concentration varied from 7.8 to 
14.7% solids, from a digested sludge of 4.7 to 8.4% solids. It was found that 
a recirculation ratio of 0.5 was the optimum. The thickener premixed raw 
sludge with digested sludge forming a sludge which was reported to disperse 
easily within the digester and incidentally eliminated grease accumulation. 
Another alternative was tried at other New York treatment plants (Carrio 
et al., 1985)with recirculation of digested sludge back to the aerators. They 
hoped to increase solids destruction through re-aeration. Comparisons of 
recirculation to aerators with pre-digester thickening were made at Newtown 
Creek Water Pollution Control Works. These gave similar volume reduction 
in both types of system without noticeable effect on effluent quality. Net 
sludge production was reduced by 41% with recirculation to the aerators 
(used on average 8 months per year when there was spare aeration capacity). 
At other plants reductions of 38%, 22% and 16% were obtained with 50% 
of the volume recycled. 
Other methods of reducing sludge yields were mentioned in (Carrio et al., 
1985) including decanting - removal of supernatant from a sludge settling 
tank. This was only feasible when the sludge separated into distinct liquid 
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and solid phases. It was found that a 58% reduction was possible with 7 
- 14 days settling. This was only on a 5% sidestream of the total sludge 
production and no conclusion was given as to whether it was a practical 
process. This experiment would have had some bearing on the major part 
of the current research, the settlement behaviour of the ASBR, but it did not 
appear to be conclusive, apart from the apparent need for a very long settling 
time, i.e., similar to standard secondary sludge digester designs. Typical UK 
practice is a minimum of 14 days in the secondary digester (CIWEM, 1996)or 
30 days in total. There are no reports in the UK literature as to how well 
secondary separators work probably because there is a requirement for 30 
days storage prior to disposal to land. 
Another process was elutriation - a washing process removing soluble 
carbonates, ammonia nitrogen, phosphates, gases, fats and oils and fine 
particles. Sludge was· diluted with 4 - 6 parts plant effiuent water and 
allowed to settle. It improved thickening and subsequent reduced chemical 
dosage. There was no change in plant effiuent quality and in one trial a 29% 
decrease in sludge production was reported (Carrio et al., 1985). 
In summary these thickening and recycle processes are most effective 
when used in combination, especially methods maximising solids destruction 
Boila-
lliCHP 
Figure 3.2.2.2: Torpey sludge recycle 
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in conjunction with ones that release water from sludge, e.g., thermophilic 
and decanting. More reported work on how well secondary digestion works 
as a thickening process would be useful. 
3.3 Solids retention 
3.3.1 The Anaerobic Sequencing Batch Reactor (ASBR) 
In this case solids do not leave the reactor, they are retained either settle-
ment or by using a fixed retaining structure, as in anaerobic filter reactors. 
One means of using a stirred tank for both reaction and settlement is the 
anaerobic sequencing batch reactor. 
The ASBR concept arose from the idea of 'anaerobic activated sludge' 
(Dague et al., 1966). The maximum stabilisation point of waste is when 
bacteria have consumed nearly all of the available biodegradable substrate, 
and have gone into the endogenous phase. The food to micro-organism ratio 
(F /M) will be at a minimum. When bacteria are in this phase they floc-
culate when grown aerobically. The extent of flocculation also depends on 
the mixing, contact between cells and the microbial ecology. The activated 
sludge process requires this ability to separate solid and liquid phases which 
is made possible by bacterial flocculation. Solids which do not flocculate 
are lost from the reactor. This same behaviour should also apply to anaer-
obic bacteria and if the bacterial population is high enough to support a 
population of anaerobic protozoa (Dague et al., 1966). To reach the long 
F /M needed either the amount of food should be reduced or the amount 
of biomass should be increased. Over time if the anaerobic bacterial floes 
become hard dense granules they will settle easily. Settling takes place in 
the reactor which is operated in the same way as the aerobic sequencing 
batch reactor with fill, react, settle and draw stages (Figure 3.3.1.1). This 
is the basis of the well known U ASB process, although this works best with 
soluble wastes. 
Experiments have been carried out using synthetic sewage to test this 
idea (Dague et al., 1966). This consisted of glucose, tryptose broth (which 
provided protein) and soap with trace inorganics mixed with tap water. 
This was an approximate simulation of raw wastewater but without any 
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suspended solids. The rea<Otor was operated with 10.5 hours rea<Otion time 
and 1.5 hours settlement time plus supernatant draw off. The total HRT 
was progressively reduced from 8 days to 2 days over a 10 day period and 
85% COD reduction was measured at a two day HRT, which would be 
a<Ohievable with this kind of feed. The anaerobic floes were similar to aerobic 
ones, including the presence of protozoa which fed on the floc surfa<Oes, and 
appeared to reduce the turbidity of the effluent. 
Further experiments (Dague et al., 1970)looked at SRTs from 2.5 to 40 
days using domestic wastewater at OLR l.Og/1/day in a completely mixed 
reactor. These showed that 3 days was the minimum hydraulic retention 
time, and 10 days SRT or more was needed to prevent washout of the slow-
est growing organisms. Chemical coagulation with ferrous chloride was then 
used but the pH had to be raised to ~ 8.3 with sodium hydroxide. Here 
a high quality of solids separation and effluent was obtained, with average 
COD removal of 96.3% for HRT of between 5 days and 2.5 days. Chemi-
cal coagulation enabled the system to operate at lower HRTs which would 
otherwise lead to failure. Gas production also increased from 1240 m!/ day 
to 1760 ml/day, a result of more bacteria being held back in the reactor. 
The results showed that chemical coagulation did not harm the bacteria. 
The soluble iron concentration stayed very low at no more than 1.0 mg/1 
although no data were presented on the iron content of the sludge. The 
soluble sulphide and phosphate concentrations were also reduced. Inter-
mittent mixing, at two minutes every hour caused a significant decrease in 
Figure 3.3.1.1: ASBR operation 
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effluent volatile solids from 2.26 g/1 to 1.12 g/1 with a gradual increase in 
gas production. It. also caused an improvement in flocculation and solids 
separation. 
Subsequent experiments have used non-fat dried milk (NFDM) in stirred 
tank reactors with a liquid volume of 13 I and swine waste in reactors with a 
liquid volume of 121. Both experiments used gas mixing (Dague et al., 1992). 
COD removal efficiency depended on OLR and HRT. With NFDM, COD 
removal efficiencies were over 80% at OLRs up to 4 g/1/day and 1.08 and 2.17 
day HRTs. In general COD removals fell rapidly at OLR above 4 g/1/day. 
With swine waste at HRT of six days at OLR 1.09 g/1/day COD reduction 
was 87%; at OLR 5.38 g/1/day COD reduction was 74%. Experiments 
continued with NFDM (Sung and Dague, 1995) to get more information 
on factors affecting solids separation, such as mixing, gas production rate, 
solids concentration and granulation. 
Intermittent versus continuous mixing was tested but there appeared 
to be no conclusion as to which gives the best COD removal and gas pro-
duction; (Sung and Dague, 1995) actually contradict themselves on this. 
Intermittent mixing may provide better gas - liquid separation. Mixing that 
is too intense can disrupt floes and granules so adversely affecting settle-
ment (Zaiat et al., 2001). Variable rate mixing has been investigated and 
was found to improve performance through better mass transfer from the 
substrate into the granular biomass giving better overall biological activity. 
In theory there should be an optimum mixing rate, below which there is 
insufficient contact between the bacteria and substrate and above which the 
biomass is dispersed (Rodrigues et al., 2004). Mechanical mixing also helps 
with the breakdown of particulate substrate matter by keeping it in suspen-
sion (Pinho et al., 2005). Another variation on stirring is pulsed effluent 
recycle in which a diaphragm pump is used to create pressure pulses in the 
reactor contents. This is done because with low strength wastes, there is 
not sufficient gassing to create turbulence to give good mixing, resulting in 
dead zones and inadequate mass transfer. This pulsed recycle system gave 
60- 70% COD removal at 4- 5 kgCOD/m3 /day in experiments reported by 
Brito et al. The feed had a COD of 1000 mg/1 and the process operated at 
22'C. The react time was 6 hours with 10 minutes settle time. There was 
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no mention of granulation (Brito et al., 1997). 
Other investigations using synthetic waste include (Rodrigues et al., 
2004) who investigated variable rate stirring, which gave improved perfor-
mance. They started with a high mixing rate at the start of the reaction 
stage, when substrate levels were high and progressively reduced it as sub-
strate concentration decreased, finally slowing to a stop at the start of the 
thicken stage. Synthetic wastewater based on sucrose and acetate was used 
by (Kennedy et al., 1991). Their reactors were UASBs operated as ASBRs. 
They reported 90% COD removal with organic loading up to 9 gCOD/1/day. 
Above this loading COD removal quickly declined. Intermittent loading was 
found to generate more reliable results, and they recommended that no more 
than 20% of the reactor contents be replaced. 'Fill then draw' and 'draw 
then fill' were compared and had no effect on performance except that 'draw 
then fill' gave better pathogen reduction, presumably by avoiding short cir-
cuiting. 
Shizas and Bagley (2002) tried varying cycle time, feed time and influent 
concentration in five different combinations to see how they affected perfor-
mance of an ASBR. The objective was to control acidification which limited 
the OLR of ASBRs with the soluble sucrose substrate. For instance a max-
imum of 19 kgCOD/m3/day for the ASBR compared with 100 kgCOD/m3 
/day for a U ASB reactor. Increasing fill time hence increasing the fill/ cycle 
ratio smoothed the VFA spikes, reducing acid production rate and gave a 
more stable operation (Shizas and Bagley, 2002). 
(Wirtz and Dague, 1997) carried out an investigation into minimising the 
length of time for granulation in an ASBR, because granulation was reported 
as taking up to 300 days. The feed was based on sucrose. A cationic polymer 
was initially added once per cycle at a rate of 1mg/l liquid volume. How 
many times the polymer was added is not given, but the first granules started 
to appear after the first 30 days of operation. The polymer was expected 
to enhance f!occulation, so speeding up granulation The granulation was 
almost complete after 60 days with the polymer addition; compared to 150 
days in the control reactor. The loading rate was also improved and there 
was 95% COD removal at 6 gCOD/1/day with a six hour cycle. With this 
soluble feed the SRT was less than 10 days, which is less than the accepted 
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minimum. SRT was calculated as the average biomass in the ASBR divided 
by the average biomass in the effluent over an unspecified time. Operation 
at low SRT was thought to be due to the SRT being only dependent on 
the doubling time of the acetoclastic oacteria, since the methanogens were 
f!occulated and retained. The promotion of f!occulation and granulation is 
described in Section 4.1. 
The ASBR has been used for digestion of swine waste at ambient tem-
perature (Dague and Pidaparti, 1992).0ne example used a 24 hour cycle at 
25oC and 35°C, The waste was diluted four times and homogenised. The 
performance was found to be independent of the temperature over the load-
ing rates used. The lower temperatures were compensated for by a greater 
biomass concentration, which meant longer SRTs. It was necessary however 
to minimise losses of biomass in the effluent, keeping the sludge within the 
reactor meant that it was not exposed to atmospheric pressure so the C02 
did not come out of solution, this caused bubbles and flotation. VS removal 
averaged 78.2% at 35 oc and 80.8% at 25°C. The overall conclusion was that 
the ASBR was better on swine waste than the CSTR (Dague and Pidaparti, 
1992). Nothing was said about the settling behaviour or the quality of the 
supernatant. In a farm application, both the waste sludge and the super-
natant will simply be spread on the land, so supernatant quality is not so 
important. In the case of sewage sludge treatment a high quality super-
natant, with a very low level of SS will be needed for return to the works 
inlet. 
ASBRs and upflow AF at ambient temperature treating real wastewaters 
were compared by Bodik et al. With the ASBR it was found that COD 
removal efficiency decreased with reductions in temperature and HRT but 
SS removal was stable at all temperatures. It was possible to get 60 - 90% 
COD removal (Bodik et al., 2002). 
Winery wastewater with a total COD of 19.7 g/1 and SS of 1.4 g/1 was 
treated by a mesophilic ASBR at 35°C. HRT was 2.2 days and OLR was 
8.6 gCOD/1/day. COD removal was 98.8%, the residual soluble COD being 
similar to aerobic AS. The ASBR gave good effluent quality and gave flexi-
bility in operation, for instance, controlling the end of the react stage when 
all soluble organics had been removed (Ruiz et al., 2002). 
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Another application of the ASBR has been for the treatment of landfill 
leachate. One study used high strength landfillleachate- up to 20 g/1 COD. 
Settlement was for 70 minutes but at the end of this period not all solids had 
settled. Intermittent mixing was then used, on one minute in every hour. It 
was found that COD removal rate increased with increasing COD loading, 
whereas COD removal efficiency had decreased with increasing COD loading 
previously. The COD removal efficiency varied between 64 and 85% with a 
maximum loading rate of 9.4 gCOD/1/day (Timur and Ozturk, 1999). 
Kitchen waste has also been successfully digested in a mesophilic ASBR. 
This waste had a raw TS of 20% and VS of 19%, with a high salt content. 
The pH was controlled by recirculating biogas that had its C02 removed by 
NaOH, so reducing the C02 content in the headspace. This was designed to 
cause some C02 to come out of solution, to reduce the acidity of the reactor 
contents. This approach was tried because adding traditional neutralising 
agents would add more cations, which were already too high in the feed. 
The maximum OLR of the reactor with C02 removal was 8.4 gCOD/1/day 
with 69% COD removal and 68% TS removal. The C02 removal allowed a 
greater feed TS than otherwise; over 5% was found to cause problems with 
acidification. This high solids system was considered only to be applicable 
to small communities (Zhang et al., 2005). 
· Temperature staging has also been applied as part of the ASBR cycle. 
A temperature staged thermophilic - mesophilic system was fed on syn-
thetic NFDM, with the aim to push the OLR as high as possible. At 22 
gCOD /1/day the temperature staged system removed 90% of the total COD 
and 99% of the soluble COD. Above this loading rate the performance dete-
riorated rapidly. A comparative single stage mesophilic reactor could only 
manage 11 gCOD/1/day, so the total reactor volume for the two stage sys-
tem or the two phase system in two reactors could be half that of a single 
stage system using one reactor. Granulation took place, with thermophilic 
granules up to 3.5 mm and mesophilic granules up to 1.5 mm. The authors 
consider that temperature staging is more practical than acid- methane two 
phase systems. They claimed that this is because the temperature staged 
system maintains the syntrophic relationship between the bacteria and is 
easier to operate; there is no need to maintain the correct HRT and pH for 
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acidification (Welper et al., 1997).0ther work on the temperature staged 
ASBR has used a food waste and sewage sludge mixture as feed at various 
OLRs. A thermophilic - mesophilic combination was used and compared 
with a mesophilic- mesophilic control (Kim et al., 2004, 2006).VS removal 
decreased as OLR increased for both systems although the thermophilic 
- mesophilic combination performed better. The thermophilic stage pre-
vented foaming and gave faster hydrolysis. Biogas output from the first 
stage mesophilic control was very low - this stage removed remaining slowly 
biodegradable materials and acted as a polishing stage. The effect of meat 
in the feed was also noticed, the high protein content contributing to the 
stability and high gas output of the thermophilic stage, presumably by con-
tributing ammonium bicarbonate, although this was not stated. 
(Zaiat et al., 2001) produced a review of the problems and possibilities 
of the ASBR. They recommended intermittent mixing as continuous mix-
ing could damage the granules. Mixing periods between 1 min/hour to 20 
mins/hour were tried. With ambient temperature digestion of swine manure, 
it was found that mixing could be dispensed with completely. There is the 
possibility that gas recycle could release volatile materials and cause foam-
ing. F /M ratio also affects performance. If it is too high solids washout 
can occur due to high gas production. One of the characteristics of the 
ASBR is the reduction in F /M during the cycle which is what brings about 
granulation. The feed time also is an important quantity: if it is too short 
acidification can occur. 
Summarising the literature on the ASBR the following are important 
conclusions on the work reported. 
o Long start-up times are a disadvantage of the ASBR, due to the long 
period needed for granulation. Addition of cationic polymer was men-
tioned earlier as a way of reducing startup time. Other materials have 
been tried namely activated carbon, sand and ferric chloride. With 
these additions, granulation took place in two months, compared to 4 
- 5 months without. 
• Thermophilic - mesophilic staged systems were reported to be superior 
to mesophilic reactors in terms of stability, pathogen reduction and 
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digestion rate but the extra heat requirement was a disadvantage with 
extra costs. 
The original development of the ASBR used low solids feed, such as 
NFDM and then low solids industrial feeds. This type of feed seems to be 
the most suitable for granule formation. The next stage is to apply the 
ASBR to high solids feeds. This has been done by (Chang et al., 1994; Hur 
et al., 1999; Lee et al., 2001) in Korea using the ASBR with sewage sludge 
and night soil. In the first set of sewage sludge experiments only mesophilic 
digestion was used, the objective being to see how it performed with high 
solids feed (Chang et al., 1994).In the second set of experiments mesophilic 
and thermophilic digestion were compared (Hur et al., 1999). In the first set 
of experiments mixed primary and secondary sludge were used, with total 
solids in the range 11.99 to 27.95 g/1. The VS fraction was 54.4%. Feed 
alkalinity averaged 620 mgCaC03 jl. Solids accumulation in the ASBR was 
rapid and was 2.6 times higher than in the CSTR. 
Fill and draw periods were 30 minutes each with a react period varying 
between two and three days and a thicken period of one day. Total cycle 
times were therefore three or four days. The ASBR was initially run as 
a CSTR; conversion from CSTR to ASBR had no adverse effects. All the 
reactors were operated with a HRT of 10 days and the average loading rate 
was 1.1 gVS/1/day. The equivalent HRT for the ASBR was used which was 
calculated as: 
E . HRT Cycle period x Working volume qmv = Volume withdrawn (9) 
The volume withdrawn was 30 - 40% of the liquid volume; this large 
volume had no effect on reactor stability (Hur et al., 1999). The VS removal 
from the digested sludge in the control digester was in the range 81 - 97% 
and from the ASBR subnatant 83 - 99%. VS removal was only measured 
for the ASBR subnatant but was not measured for the ASBR sludge. Gas 
output from the ASBR was 52% higher than the control. The reasons given 
for this are: 
o accmnulation of bacteria 
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• higher bacterial activity (due to high feed concentration at the start 
of the react stage) 
• retention and accumulation of organics. 
Approximately 50% of the gas output in each cycle was produced on the 
first day of the react stage. Organic removals in the ASBRs increased at 
longer HRT. The ASBRs had higher organics removal than the control. The 
gas yield was low in both reactors (ASBR and CSTR) because of the low VS 
content in the feed, with a value of 0.75 to 1.121/gVS applied. The average 
alkalinity of the digested sludge in the ASBR for the three day cycle was 
1710 mg CaC03jl, equal to the control. For the four day cycle the alkalinity 
for the ASBR was 1550 mg CaC03/l and 1290 mg CaC03/l for the control. 
Another set of experiments compared mesophilic (35oC) and thermophilic 
(55oC) operation with high solids feed, compared to the initial experiments 
(Hur et al., 1999). Feed was mixed primary and secondary sludge and its 
VS was in the range 35.4- 81.7% of TS. Alkalinity was in the range 280-
1610 mg CaC03/l. Cycle times were two to four days and the draw volume 
was 30- 40% of the liquid contents. The increase in average gas production 
from the ASBR compared with the control was 25 - 50% at HRT = 5 days 
and 55% at HRT = 10 days regardless of temperature. 40- 62% of the gas in 
each cycle was produced in the first day of the react stage representing the 
biodegradable fraction. The biodegradable content of the feed sludge was 
reported by the authors as low although this was not qualified. The COD 
was 15 gjl, VS 11 g/1 or 1.1%. COD of sludges are difficult to measure 
reliably. VS removal averaged 92.5% at mesophilic temperature and 77% 
at thermophilic temperature. Much lower performance was reported in the 
control CSTRs where VS removal averaged 21.5% at mesophilic temperature 
and 17.7% at thermophilic temperature. Alkalinities ranged from 1170 to 
2190 mg CaC03 /1 for the mesophilic reactors and 2160 to 2540 mg CaC03 
/1 for the thermophilic reactors. It was noteworthy that the thermophilic 
VS removals declined as the HRT increased and another significant find-
ing was that during the thicken stage solids flotation always occurred with 
mesophilic digestion whereas settlement occurred with thermophilic diges-
tion. Flotation was noted as the most effective, giving the least SS in the 
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effiuent. The performance of thermophilic digestion during settlement was 
worse than mesophilic because of the loss of biomass during the draw stage. 
The actual solids profiles obtained are reproduced in Figure 3.3.1.2. For 
the mesophilic flotation case (A), the interface at around 40% of the liquid 
depth was sharp and the solids concentration in the subnatant was always 
less than 5g/l. The solids concentration variation in the floating concen-
trated sludge was also small. The lowest value was at ten days HRT and 
four day cycle. The thermophilic case (B) shows that settlement was less ef-
fective; the interface was less sharp and the solids content of the supernatant 
was higher. 
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Figure 3.3.1.2: Solids profiles in ASBR (from Hur et al. 1999) 
Flotation was not dependent on granule formation and no granulation 
was reported in these experiments. Granulation is more likely for wastes con-
taining dissolved solids rather than suspended solids. In the case of sewage 
sludge flocculation rather than granulation is the most likely outcome. The 
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floated thickened sludge was less affected by disturbances of the interface 
because gas production and drainage kept the sludge compacted. 
In (Lee et al., 2001) work on the ASBR they used night soil, the ob-
jective was to discover how the mesophilic ASBR at 35oC performed with 
a high solids waste and a high ammonia concentration. Their experiments 
also investigated how the react/thicken period ratio, defined in Equation 10 
affected performance. The feed VS fraction of total solids was 69%, higher 
than the sewage sludge tested. Total solids averaged 36.7 g/1. Ammonia ni-
trogen averaged 4650 mg/1 and some problems with ammonia toxicity were 
reported during the start up period (Lee et al., 2001).This was thought to 
be causing solids settlement instead of flotation. Feed COD was 32 g/1, VS 
was 25 g/1, more than double that of the sludge used in the earlier mu-
nicipal si udge experiments. Equivalent HRT was ten days and cycle time 
was from one to three days. The loading rate was 2.6 kgVS/m3 /day. The 
thicken stage lasted one day. Sludge settlement always took place, the thick-
ened volume being 36 - 37% of the liquid volume. It took 12 hours using 
a react/thicken ratio of 3 to get a thickened sludge volume of 50% and for 
react/thicken ratio of one, it was 16 hours. The react/thicken ratio is: 
R I h. k . ;:D,.--u_ra:-:t_io_n-;:o-,f,...re,...ac.,.:-:.t...:s..:.ta"'g'-e-eact t IC en ratio = . Duratwn of thicken stage (10) 
The longer separation time was due to more undigested material being 
left after the shorter react time. At the beginning of the thicken period 
gassing caused solids to resuspend. VS removal in the control reactor was 
28% - low in comparison with normal sewage sludge but it was affected by 
the high ammonium. Removal was 57 - 59% using the ASBR supernatant. 
The pH of all reactors was over eight because of the presence of urea, which 
leads to the formation of ammonium salts, but gas production was signifi-
cantly higher in the ASBRs. ASBR gas production was 2- 2.2 times that of 
the control CSTR. Gas compositions were between 69.5 and 69.9% methane 
for the control reactor and from 72% to 72.5% for the ASBR. Gas yields 
were 0.23 - 0.25 m3 /kgVS removed from the ASBRs with 0.11 m3 /kgVS 
from the control. It was reported that gas production decreased with in-
creasing loading rate (possibly due to ammonia), and higher react/thicken 
ratios gave better gas production and more solids removal because of the 
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greater digestion achieved. 
To summarise: the work by Lee et al. has been the !host extensive 
on ASBR and has demonstrated that different react/separation ratios were 
needed according to the waste, in this case night soil, and ordinary domestic 
sludge. There were also differences in separation performance, according to 
temperature. The mesophilic ASBR gave a floating sludge and thermophilic 
a settling one. This at first is surprising since more gas might be expected 
from the thermophilic. Lee et al. however attributed poor flotation at 
thermophilic temperatures to residual fine solids. 
The ASBR has also been used to investigate the digestion of thermally 
hydrolysed sludge at mesophilic and thermophilic temperatures (Wang et al., 
2005). The feed sludge had been heat treated at 170oC for 30 minutes. It 
then had an average TS of 40.4 gTS/1 and 24.2 gVS/1. HRT was 10 days 
with a loading rate of 5.42 kgTOC/m3 /day. Cycle time was 24 hours with 
3.5 hours thicken time. Mesophilic VS removal was 55.6% and thermophilic 
50.5%. Gas production from the two reactors was similar with the ther-
mophilic rate being slightly lower, starting at 300 - 400 ml/h and falling to 
30 - 40 ml/h at the end of the cycle. The VFA concentration in the ther-
mophilic reactor was also higher than in the mesophilic one and the acid 
concentration in the thermophilic effiuent was greater than in the mesophilic 
effiuent. 
ASBR for improved solids retention following enhanced hydrolysis in the 
HYLADAL@1 process has also been reported (Peringer, 1996). Flotation 
was achieved using a flocculant, with settling of the suspended solids in the 
ASBR effiuent giving a reported 85% reduction in sludge volume with a 
HRT of ten days. The paper contains no data and further corroboration of 
a commercial process report might be necessary. No further references to 
or information on this process have been found by electronic searches; the 
most recent being in the ARPEA Journal in 1998 which is unobtainable as 
no copies exist in this country. 
These experiments reviewed have demonstrated the superiority of the 
ASBR over the CSTR in the particular conditions of the experiments, and 
1HYdroLysis, AnaErobic Digestion, AutoLysis 
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the feed sludge that was used. They showed that the ASBR could give up to 
a 50% increase in gas production, and that the mesophilic reactors performed 
better than thermophilic ones. In one case the mesophilic sludge floated 
during the thicken stage, and this was better than settlement, because it 
gave a better quality subnatant with smaller amounts of SS. The thickening 
or settlement periods were short, from 3.5 hours to one day. VS removals 
were 50%- 60% in the ASBRs, compared with the 40- 50% range expected 
with CSTRs. Flotation only happened with the mesophilic mixed sludge and 
not with the night soil or the thermally pre-treated sludge. This behaviour 
may be due to feed composition or some other property of the feed, such as 
the unusual content of fat. The feed VS content of the sewage sludge was 
also low at 54.4 %; typically it is between 70% - 80%. It is not clear at this 
stage if low VS is significant for flotation, and if it will happen with normal 
VS sewage si udges. 
The loading rate for night soil was 2.6 kgVS/m3 /day, and up to 1.5 
kgVS/m3 /day for the mixed sludge. These figures are comparable to what 
is achieved with a CSTR, for sewage sludge, slightly lower for industrial 
wastes. Low loading rates are cited as a drawback with ASBRs, being 
a consequence of batch feeding. It might be overcome by increasing the 
fill time, which is the initial reaction without mixing, to limit the rate of 
acidification. 
The ASBR has not been extensively researched; a search of the Web of 
Science gave 1001 results for 'anaerobic digester', 78 results for 'anaerobic 
sequencing batch reactor' and a similar 75 results for 'ASBR'. 
3.3.2 Biomass carriers 
Decoupling of HRT and SRT is achieved by separating the solid and liquid 
components. In high efficiency digesters solids are trapped either by having 
them in the form of dense granules which are not washed out of the reactor as 
in the ASBR, ABR or UASB, or as fixed biofilms on some form of support 
structure. Fixed biofilms are used in both upflow and downf!ow anaero-
bic filters. The granular form of biomass is found in UASBs and ASBRs. 
Biofilms on particles are used in the fluidised bed reactor and its variants 
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(Nicolella et al., 2000). These systems operate at high loading rates with 
low HRTs and can produce high quality effluent because solids are trapped 
in the reactor. The problem with these systems is that they are designed for 
soluble wastes with little or no suspended solids. The solid matter in these 
systems consists mostly of biomass. Wastes containing suspended sewage 
solids (fibre, grit, hair) clog fixed biofilms unless the flow rate is so high 
that solids are washed straight through without being treated. An apparent 
exception to this is an investigation into using a downflow fixed bed reactor 
for sewage sludge (Sanchez et al., 1995). The feed had 3.7% TS and around 
70% VS. At a HRT of six days, 60% VS removal was achieved. With super-
natant recycle 60 76% VS removal at five days HRT was achieved. Clogging 
was not observed despite the high concentration of solids in the feed, which 
had a mean value of 37.1 gfl, and high loading rate, which ranged from 12.1 
kgVS(m3 /day at 2 days HRT to 3.2 kgVS(m3 /day at 7 days HRT. Typical 
domestic sewage sludge digesters are loaded at 2- 3 kgVS(m3 /day but at 
15 days HRT. 
A biomass carrier system with small particles gives a large biofilm area 
which can allow a substantial reduction in reactor volume. According to 
Nicolella et al. biofilms form when the dilution rate is greater than the 
growth rate; this presumably means that the population of free micro-
organisms does not have time to reproduce before they are washed out. 
The form of the biofilm depends on the substrate loading and detachment 
forces, such as shear forces (Nicolella et al., 2000). 
Biofilm on carrier particles is most commonly used in the fluidised bed 
reactor, but carrier particles could be introduced into a CSTR and kept in 
suspension by the existing mixing system. This presumes that the existing 
CSTR mixing is effective which would need research. The particles would 
not all be retained in the reactor, but a proportion of them would be washed 
out with the effluent. These particles would then have to be returned to the 
reactor, so they must be separated from the effluent. The advantages of 
using carrier particles include: 
• Very large surface area for biomass attachment 
• High biomass concentration 
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dry sand 1.6 
anthracite 1.1 
powdered carbon 1.4 - 1.5 
glass 1.3 - 1.9 
kaolinite 2.6 
per lite 2.2- 2.4 
sepiolite 1.0 - 2.0 
zeolite 2.2 - 2.3 
Table 3.3.2.1: Specific gravities of biomass carriers. 
Biomass carrier can be chosen for a particular application to give best per-
formance (Iza, 1991). Materials used as carriers include sand, anthracite, 
activated carbon, glass, perlite (a low density volcanic glass), sepiolite (a 
magnesium silicate clay), zeolite (actually a family of silicaceous minerals), 
kaolinite and pumice. Some of these materials are porous and so bacteria 
can colonise the pores; this also gives them protection from abrasion. Size, 
shape, density, hardness and roughness are factors in the choice of carrier 
materials. Density would affect settleability of the particles and roughness 
determines how well bacteria can stay attached to the surface - the attach-
ment has to withstand collisions with other particles and the shear force 
of the liquid. Biofilm behaviour is not controllable; it can build up and 
eventually break away, leaving in the effluent. This can reduce the effluent 
quality, with increased solids and organic matter. The smaller the particle 
size the greater the surface area for biofilm growth. Sizes in the 0.1 to 0. 7 
mm range are recommended (Iza, 1991). The aim is to be able to separate 
the carrier particles from the waste sludge. Gravity settlement may work if 
the particles are dense enough to settle. Approximate specific gravities of 
common carriers are given in Table 3.3.2.1. 
These materials should settle within a specific gravity of 2.0 reliably, but 
other dense material in the sludge will also settle with it. These are likely to 
be dense inert minerals which we want to avoid recycling, so this approach 
is only a partial solution. 
Previous attempts at sludge recycling fed back all the solids including 
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inert and toxic materials. Ideally only biomass and biodegradable solids 
should be recycled. At the end of the ASBR react stage the amount of 
biodegradable material would be at a minimum, so at this point sludge 
wastage with biomass recycle could be carried out. The critical criterion is 
how to separate the biomass from the inert organic materials. They may 
possibly be separable by density but this may not be reliable as sludge con-
tains such a wide variety of particle sizes and densities. A more positive 
means of separation is needed, and magnetic separation may be one possi-
bility and was researched in this work. One method would be to selectively 
grow biofilm on magnetite particles which can be separated using a magnetic 
field. These go back into the reactor while the residue which should contain 
very little biodegradable material can then be disposed of. Magnetite is 
crystalline iron oxide Fe2+Fe3+ 204 • Either of the Fe ions could be replaced 
by another metal. The specific gravity is in the range 4.9 to 5.2 and specific 
binding of bacteria to the iron would be expected. 
Using magnetite was originally inspired by the Sirofloc process developed 
by the CSIRO in Australia (Booker et al., 1991). This process was designed 
for clarifying drinking water by adsorbing colloidal particles onto magnetite 
particles. Magnetite is added to raw water in mixing tanks, then flocculated 
using a magnet and separated from the treated water by gravity settlement 
in a clarifier. The magnetite is then regenerated, the adsorbed material 
being removed and returned to the mixing tanks. The adsorption and des-
orption processes are controlled by changing the pH. In acidic conditions 
the magnetite particles carry a positive charge and in alkaline conditions 
they are negatively charged. They will attract negatively charged particles 
at low pH and repel them at high pH. Most literature on the subject of 
bioflocculation is mainly concerned with dissolved iron in the form of fer-
rous salts present with anaerobic conditions. These forms of the metal are 
'bioavailable'; they can be taken up by cells, but may be between 0.5- 4% of 
the total concentration. The availability of metals depends on their concen-
tration and conditions in the digester such as pH, redox potential, precipi-
tation and inactivation by organisms (Oleszkiewicz and Sharma, 1990).The 
metal is removed from solution by precipitation and by take-up by micro-
organisms. Under anaerobic conditions Fe3+ is reduced to Fe2+. This can 
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then react to form precipitates with hydroxides, carbonates, phosphates or 
sulphates (Jackson-Moss and Duncan, 1990).Compared with other heavy 
metals (metals with an atomic weight greater than 20), iron is considered to 
be benign at low ( <lOOmg/1) concentrations. It is an important universal 
cofactor in metabolism, being a component of enzymes (a co-factor) and is 
the metal with the highest concentration in cells. The effects of iron depends 
on nutrient concentration; low nutrient concentration can cause synergistic 
inhibition of methanogens by iron, excess nutrients reduced the effect that 
iron had. Heavy metals are important for biomass aggregation, which is 
necessary in an ASBR and iron in particular which has been noted as a 
component of granules, due to the formation of sulphide precipitates. Iron 
may promote excretion of extracellular polymers which may assist in granu-
lation (Oleszkiewicz and Sharma, 1990). The effects of high concentrations 
of iron, and whether bacteria can acclimatise to these high concentrations 
have been investigated. Experiments by Jackson-Moss et al. showed that 
at 5650mg/l Fe biogas production ultimately decreased from 0.356 m3 /kg 
COD removed to 0.236 m3 /kg COD removed, but the methane content in-
creased to 95.3% after 100 days (Jackson-Moss and Duncan, 1990). They 
suggested that it could be due to carbonate precipitation, removing C02 
from the gas, and more C02 staying in solution because of reduced gas flow. 
A similar effect was found by Johnson et al. (Johnson et al., 2003) where 
digestion of iron dosed sludge was compared with non dosed sludge. When 
iron dosed sludge was fed to a working reactor the gas production fell from 
1890 ml/day to 1280 mljday and methane content increased from 72.4% to 
82.3%. Mosey and Hughes (Mosey and Hughes, 1975) described an alter-
native mechanism, detecting inhibitory metal concentrations by measuring 
sulphide ion concentrations using a silver/silver sulphide electrode to give a 
pS value. They added ferric chloride in steps. The pS value initially, rose 
then stabilised at 600mg/l Fe and gas production stayed constant; the sta-
bility was presumed to be due to precipitation of the inhibitory sulphide 
by ferrous ions. Digestion failed when the iron concentration reached 1750 
mg/1. 
The Sirofloc process has been used for raw sewage clarification (Booker 
et al., 1991), by mixing magnetite, raw sewage, acid and a coagulant. The 
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particles carried a positive charge with acid conditions. This produced a 
'sewage concentrate' which had 30 times more solid than the original sewage. 
The magnetite was regenerated by washing. in dilute caustic soda which 
stripped off the organic material. The clean magnetite was recovered using 
a magnetic drum separator. The concentrate was 3 - 4% of the volume of 
the incoming flow and had a pH between nine and ten and with a strength 
of up to 10000 mg/1 COD. This concentrate was digested in a two stage 
digester. It initially achieved a COD removal of 70- 80% with 240 ml/gCOD 
methane production. The performance of the digesters began to fall after 
38 days with a rapid rise in effluent COD and reduction in gas output. 
The reason for the sudden deterioration was not explained and the long 
term performance of this system is unknown. The constant adjustment of 
pH however could be unattractive. In another version of the process, the 
magnetite was introduced into the digester, again in connection with the 
Sirofloc process as used for raw sewage clarification (Priestley and Woods, 
1987). Organic material was attached to magnetite as above. After ten to 
fifteen minutes most of the organic material was attached to the magnetite. 
Then the magnetite plus organics would go into the anaerobic digester and 
after digestion the digested sludge would be stripped off the magnetite, 
which would be recycled. The process is shown in Figure 3.3.2.1. The 
digester feed was concentrated by a factor of 60 over raw sewage, with 30000 
mg/1 COD. Initial experiments used a magnetite and raw sewage slurry of 
90% v /v water content by volume. The magnetite particles used in this 
experiment were 1 - 101-' m in diameter. There were problems with mixing 
due to extracellular polymers binding particles together and the mass of 
the particles increasing as a biofilm built up. Reactor modifications cured 
this and a feed rate of 5 kg COD/m3 /day was achieved. The methane 
concentration was 55% v /v but gas production rates were 0.12 m3 fm3 /day. 
This was considered by the authors to be much lower than expected and 
was attributed to the particles being too small for bacterial colonisation, 
the residence time was too short for adequate bacterial colonisation, and a 
deficiency of phosphate which may have been adsorbed to the magnetite. 
A second experiment used larger magnetite particles (50- 100 11m) which 
were retained in the reactor by external settlement and recycling and only 
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a sludge feed, was used. The feed COD started at 14000 mg/1 then reduced 
to 10000 mg/1 after one week. HRT was 2.5 days. COD removal was 80 
- 100% in the first ten days, after that the COD removal declined to 40% 
with a corresponding decline in gas output. It was suggested that further 
improvements would be needed to make the anaerobic digestion process 
viable, and it was not made clear whether the reduction in performance 
was due to the magnetite, but there has been no further literature on the 
subject. 
3.3.3 Separation Methods 
Gravity separation is dependent on particle densities as demonstrated by 
Stokes law; the more dense a particle is the faster it sinks. Gravity separation 
is widely used and methods for designing these separators is widely used and 
methods for designing these separators are well known (Metcalf and Eddy, 
2003). The need is to separate biofihn-bearing particles from the rest of the 
effluent sludge, and it is questionable as to how well simple gravity separa-
tion would achieve this. Other particles would have similar densities to the 
wanted ones which makes this form of separation difficult to do. Improved 
methods of gravity separation exist, one being the inclined plate separator. 
This can provide the equivalent of a large settlement tank in a small area; 
the settling distance is reduced, increasing the efficiency of the settlement 
process .. The influent flows upward over the plate and under the influence of 
gravity the particles settle onto the inclined surface and slide down it, to be 
collected at the bottom. This is a counter-current system, which means that 
the influent and the settled solids flow in opposite directions. In practical 
systems there are normally a number of plates stacked in parallel; these are 
then known as parallel plate separators or lamella separators. The plates 
are at an angle of 45 ° to 60 ° to the horizontal. The effective surface area of 
a plate is its projection onto a horizontal surface, the total area is this mul-
tiplied by the number of plates. The surface area can be further increased 
by using corrugated plates. A polyelectrolyte may be added to enhance the 
settlement. This type of separator has been used in the Purac Ltd contact 
sludge process, which has been used in food processing applications which do 
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not produce high solids feeds (Naehle, 1991).0ther processes which separate 
particles depending on their densities make use of a carrier medium of the 
correct density to allow the wanted particles to either sink or float. This is 
achieved by altering the density of water by adding a fine powder to create 
a suspension. The powder added is often magnetite, which can be magneti-
cally recovered and reused. It is then possible to make particles that are not 
much more dense than water fioat, and particles that are more dense than 
the suspension will sink. This technique is dense medium separation, used 
in the mining industry. If particles of known densities are to be separated, 
by using the appropriate dense medium it is possible to cause them to either 
sink or float. A variation of this is autogenous operation, when the particles 
used to create the suspension are contained in the feed. This uses a form of 
fluidised bed, known as a teetered bed in this application. The feed enters 
at the top and the particles fall downward. The fluidising water flow pushes 
lighter particles upward where they leave through an overflow and heavier 
ones sink and exit through an underflow. Those that rise or fall slowly stay 
in the tank for a long period, and their concentration is raised. This forms 
the dense medium, whose density can be controlled by changing the upward 
flow rate (Nicol, 1998). These methods separate solids only on their relative 
density so unwanted material of similar density to wanted material would 
be retained. To get more positive separation a different approach is needed, 
and the use of magnetically separable materials is a possible solution. 
There are a number of methods for separating magnetic particles but 
the most common are the magnetic hydrocyclone and the magnetic drum 
separator, these being simple, cheap, with a small footprint and without the 
need for large magnets or large amounts of power. The hydrocyclone has a 
high capacity, with low capital, operating and maintenance costs. The inlet 
is tangential to the body of the hydrocyclone, so the liquid has a circular flow 
(Figure 3.3.3.1). This circular flow directs particles to the outer wall due to 
centrifugal force with movement being hindered by drag force. 'The region 
next to the wall becomes loaded with particles which exit in the underflow. 
The underflow outlet is smaller than the inlet so liquid is forced back up the 
cyclone to exit via the overflow. The movement of particles is determined by 
the relative size of the drag force and the centrifugal force. If the centrifugal 
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force is greater then the particles move outward to the wall of the cyclone 
and slide down and out of the underflow outlet. Performance parameters 
for the hydrocyclone have been defined and include: 
• Feed properties such as solids content and liquid viscosities 
• Design variables such as flow rate, dimensions and feed pressure. 
For the magnetic hydrocyclone these would also include the magnetic field 
strength and the magnetic content of the feed. A quantity used to describe 
the particle recovery is the cut size or cut point d50. This is the particle size 
at which the hydrocyclone is 50% efficient; 50% of the particles at or above 
the specified size drop out of the underflow outlet (Anderson et al., 1989). 
Overflow outlet 
Undertlow outlet 
Figure 3.3.3.1: Hydrocyclone principle 
In the magnetic hydrocyclone the centrifugal force is augmented by a 
radial magnetic field, which enhances the movement of magnetic particles 
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to the outer wall. This method can cause a significant amount of liquid to 
exit through the underflow, possibly due to magnetic particles flocculating 
and accumulating at the outer wall causing instability in the vortices with 
more liquid going to the underflow. 
An alternative arrangement is to have the magnets on the inlet which 
pulls the particles toward the outer wall before they enter the cyclone (Free-
man et al., 1994). The particles are already at the wall where they descend 
to the underflow, and the cyclone flow pattern are undisturbed. As the mag-
nets are not on the body of the hydro cyclone the accumulation of magnetic 
particles does not affect the flow inside it. It was found when feeding at 
different pressures that the best recovery was at the lowest pressure because 
of the lower flow rate, hence longer residence time in the magnetic field. It 
was shown that just one Nd-Fe-B magnet at the inlet increased the mag- · 
netite recovery to 81% compared with 73% without a magnet. The feed 
consisted of magnetite particles with a size distribution centred on 10m at a 
concentration of 10 g/1. Increasing the number of magnets did not give any 
significant improvement (Freeman et al., 1994). 
The disadvantage of the hydrocyclone is the high flow rate which causes 
turbulence and abrasion of the particles against the wall. This could destroy 
biofilm on the surface of the particles and cause erosion of the cyclone itself, 
and pumps able to pump thick sludge at high flow rates would be needed. 
The advantages of the drum separator are that it does not need aggressive 
pumping of the sludge so the biofilms should sustain less damage, it is widely 
used in the minerals industry. The magnetic drum separator is a simple 
device, as shown in Figure 3.3.3.2. The influent is poured onto the top of the 
drum; magnetic material is held onto it by the magnet whereas everything 
else runs off through the first outlet. When the edge of the magnet is reached 
the magnetic material is released and falls out of a second outlet. 
There are variations on the design; a scraper may be fitted to ensure all 
the magnetic product is removed from the drum. Rather than being poured 
from the top the feed may enter a trough in which the drum is partially 
immersed. Evaluation of drum separators gas been done in connection with 
dense medium separation. In this application it is necessary to separate 
magnetite from the product, typically coal particles. Optimising the sepa-
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Figure 3.3.3.2: Magnetic drum separator 
ration process is desirable to minimise the loss of magnetic particles, which 
would contribute to operating costs, and so knowledge of how particles are 
captured is needed. Various parameters have been identified which affect 
separation properties. These include: 
o Feed flow rate which determines residence time 
o Solids concentration in the feed 
o Ratio of magnetic to non magnetic material 
o Magnetics concentration 
o Drum speed and diameter 
o Magnet position and strength. 
Some of these are fixed by the manufacturer. Relationships between these 
parameters have been found, and modelling has been done to be able to 
predict the amount of magnetic material recovered based on water content, 
drainage rate and residence time (Rayner and Napier-Munn, 2003). Particles 
aggregate along lines of magnetic force - they form chains, and the residence 
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time has to be longer than the flocculation time. Particles that are part of 
a chain have a better chance of being captured (Rayner and Napier-Munn, 
2000, 2003). Experiments with micronized magnetite ( <10f'm diameter) 
and coal showed that purity of the recovered magnetite decreased as solids 
concentration decreased, due to the thicker flocculated mass trapping coal. 
Magnetite recovery decreased as the coal proportion increased, and feed rate 
increased (Klima and Kilhneyer, 1995). Investigations into the recovery of 
ferrite precipitates from wastewater treatment (Barrado et al., 1999) also 
showed that increasing the amount of impurities reduced efficiency by re-
ducing magnetic permeability, and maximum separation efficiency was at 
low flow rates and higher magnetic field strengths. 
The range of feed thicknesses was 2 - 17% (Rayner and Napier-Munn, 
2000)and 5- 20% with a coal concentration of 10- 80% (Klima and Killmeyer, 
1995).The typical thickness of digested sludge is 2- 3%. The separation ef-
ficiency depends on the feed thickness, the feed flowrate and the amount of 
magnetite in the feed and its size. 
Of the two options therefore the magnetic drum separator is preferred. 
Both may be equally effective, but the hydrocyclone requires high flow rates 
which may not be attainable with thick sludge. There is also the risk of 
erosion within the pumps and cyclone itself, as well as possible damage to 
biofilm. It may be possible, depending on its weight and the type of digester, 
to mount the separator on the digester roof so that the separated material 
is dropped directly into the digester. ·This avoids the use of a pump capable 
of pumping the semi dry magnetic material. 
3.4 Digester Mixing 
Using a magnetic carrier for biomass retention is dependent on the efficiency 
of digester mixing. This unfortunately has always been a problem; mixing 
and heating are the major factors in digester failure. Sewage sludge digesters 
mostly use gas mixing, which avoids internal machinery; mechanical mixing 
is less common. The purpose of mixing is to distribute biomass and substrate 
evenly throughout the reactor bringing them into intimate contact with each 
other and also to ensure that heat is evenly distributed (Gilbert, 1987). 
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Influences on mixing include aspect ratio, sludge rheology, gas produc-
tion, mixer power and grit content of the sludge. The design and selection 
· of mixing systems is based on previous experience, cost, maintenance needs 
and which system has the fewest disadvantages (Gilbert, 1987). Inadequate 
mixing is a big problem; in 48 cases of poorly functioning digesters all but 
five were due to poor mixing (Brade, 1981). Even heating problems could be 
attributable to poor mixing. Surveys of seven digesters showed large dead 
volumes. Dead volumes are the main consequence of poor mixing. Solids 
sink to the bottom of the digester and reduce its effective volume. These 
solids may be debris in the feed and precipitates produced within the di-
gester. Blockage of diffusers in gas mixing systems reduces the efficiency of 
mixing and may also cause failure of gas compressors. Mixing in high rate 
systems was better, possibly due to self mixing from higher gas production, 
more frequent feeding and higher aspect ratios. Mixing is intermittent in 
many systems, sometimes due to the unreliability of the equipment, which 
makes comparison of mixer power inputs more difficult. The variation in 
mixing periods was found in one survey to be between three hours and sev-
enteen hours in any 24 hour period (Brade, 1981). Problems with mixing 
equipment were due to corrosion (by exposure to H2S and other corrosive 
substances) and erosion (due to grit and debris in the digester). Rags and 
debris in the feed sludge can adversely affect mixing with a build up of 
debris on mechanical mixers. This is ·not a digester problem but is due 
to lack of effective screening upstream of the digester; typically screen size 
has been reduced from 10 mm historically to 3 - 6 mm now. Fibres and 
some household products such as cotton buds are notorious because of their 
small diameter. Imperfect mixing of digesters has been modelled (Bello-
Mendoza and Sharratt, 1998). It has found that completely mixed digesters 
need a shorter retention time than poorly mixed digesters to get the same 
amount to treatment. For a given degree of treatment inefficient mixing 
would mean longer HRT and larger and more expensive tanks. Also the 
mixing intensity affects residence time distributions and physical distribu-
tion of components in the digester and this in turn affects the kinetics of the 
digestion processes. Mixing is even more important for enhanced digestion 
processes than for standard ones. If biomass recycle is used, as described in 
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3.3.2 where the biomass is carried on dense particles (see Table 3.3.2.1) it 
is important that the particles are kept in suspension throughout the reac-
tor, so mixing efficiency is important. Magnetite particularly, being heavy, 
might be more difficult to keep suspended. Biofilm carriers in general are 
associated with fluidised bed systems with their high upf!ow velocity keep-
ing the particles in suspension. How these carrier particles might behave in 
a CSTR is unknown. Whether a uniform distribution could be maintained 
and whether the particles could be effectively re-suspended after a ASBR 
settlement stage. If there has to be a compromise between good mixing 
and settleability, magnetite might not be the best choice because of its den-
sity. Particle size affects mixing ability; a jar test carried out as part of 
this research has shown that 10 m magnetite mixes more easily than 40 JJ-m 
magnetite, so the use of fine particles is preferred. 
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4 Solids settlement 
4.1 Formation of floes and granules 
The formation of granules is the principal means of keeping biomass in 
the UASB and the ASBR. Flocculation is the gathering of particles, in-
cluding bacteria, into loose aggregates. These aggregates become dense 
enough to sink; flocculation is necessary for settlement of small light parti-
cles. Floes have been defined as aggregates of suspended solids containing 
various micro-organisms plus organic and inorganic solids bound together 
by extra cellular polymer (ECP) (Jin et al., 2003; Esser and Kues, 1983). 
Granules can be defined in a similar way; they are formed by the accretion 
of bacteria on inert nuclei or on other bacteria. Successive layers of bacteria 
build up to form a hard granule; the sizes can vary between a fraction of a 
millimetre to several millimetres. 
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Figure 4.1.1: Aggregation of particles (from Mahmoud et al. 2003) 
The differences between flocculation and granulation are vague; floccula-
tion may be a precursor to granulation. Both processes depend on particles 
coming together by one of the recognised fundamental mechanisms(Figure 
4.1.1) and this will depend on mixing conditions. Particles can aggregate 
by collisions due to Brownian motion which causes diffusion of particles 
throughout the volume, 'a' in Figure 4.1.1 - this is perikinetic flocculation. 
Liquid flow patterns can bring particles together by convection and sedi-
mentation- orthokinetic flocculation, as represented by 'b' and 'c' in Figure 
4.1.1. Research in this area has been in terms of upflow reactors rather than 
in completely mixed ones, although they both cause turbulence in the sludge 
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which increases the probability of particles coming together. Flocculation is 
usually associated with the activated sludge process, and it is in this context 
most research has been done, and has been much more commercial. As far 
as anaerobic processes are concerned, it has not had the same importance. 
Searching the Web of Science for 1997 - 2005 for 'flocculation and activated 
sludge' gave 215 results, for 'flocculation and anaerobic sludge' gave 9 re-
sults suggesting that far less attention has been paid to this subject. Gran-
ulation can give high biomass concentrations. Up to 60 - 100 kgVSS/m3 
has been quoted, giving conversion capacities of 10 kgCODconverted/m3 /d. 
This can be compared with 1 kgCODconverted!m3 /d for a lightly loaded ac-
tivated sludge system. Anaerobic fluidised bed systems can go up to 30 
kgCODconverted/m3 /d (Mulder et al., 2001). 
Flocculation and granulation may be the same phenomenon, granulation 
being flocculation taken to a much larger sludge age,although granulation 
is generally treated as a separate phenomenon. Floes are small and light 
whereas granules are larger, denser and of a more complex structure. Gran-
ules are composed of layers with different species of bacteria and organic and 
inert materials, the bacteria in the granule forming syntrophic relationships 
(Pol et al., 2004; Park et al., 2005)(but the same could be said of floes). 
Granulation can therefore enhance solids breakdown because different types 
of bacteria are in close association making the transfer of substances be-
tween them easier, specifically the close association between acetogens and 
methanogens. The hydrodynamic conditions in the reactor bring the parti-
cles together and then various mechanisms cause the particles to adhere to 
form stable floes and ultimately granules. These mechanisms include: 
• surface charge 
• polymer bridging 
• ECPs 
• hydrophobicity 
• cations 
• particle sizes 
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A granule is created when bacteria adhere to each other and to inert par-
ticles, eventually forming dense compact agglomerates which settle easily 
and so can be retained in the reactor depending on gravity separation of 
biomass. Anaerobic particles, including bacteria carry a negative charge. 
This means that they will normally repel each other but if they get close 
enough to each other or the charge can be reduced, van der Waals attraction 
becomes dominant and the particles bind together. This activity is usually 
described by a diagram such as Figure 4.1.2. The sum of the electrostatic 
and van der Waals forces is a curve with a peak of maximum repulsion, the 
'energy barrier'. The particles need to have enough energy to get over this 
barrier before attraction takes over and they are linked. This is the basis of 
the DVLO theory of the stability of colloids in suspension (Pol et al., 2004; 
Zhou et al., 2006). 
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Figure 4.1.2: Interaction between particles (from Inc) 
Van der Waals forces act in the nanometre range so this behaviour is 
most apparent with very small colloidal particles, which could be bacteria. 
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The electrostatic repulsion is a consequence of the electrical double layer 
on the particles. This can be reduced by adding oppositely charged ions, 
lowering the energy barrier. This is why cations such as calcium and iron 
are added as flocculation promoters (Zhou et al., 2006). 
Effects of mixing have been examined in terms of the effects of shear force 
at different stirring rates on floes by Liu et al. who suggested that there is an 
optimum stirring rate and that it influences cell surface properties and extra 
cellular polymer (ECP) production. Higher stirring rates also inhibited cell 
growth (Liu et al., 2005). Mild mixing is beneficial in bringing particles into 
contact with each other to initiate f!occulation but excessive mixing will 
break up floes although this is not a problem if the floes re-form. 
4.2 Models of granulation 
How granulation actually takes place and what affects it are complicated and 
not well understood. There are a number of models, such as the Cape Town 
model, the spaghetti model, the ECP bonding model, the inert nuclei model 
and more (Zhou et al., 2006). Environmental factors affecting granulation 
are pH, temperature, organic compounds, mixing, cations and ECPs (Tiwari 
et al., 2005). A four step model has been proposed (Pol et al., 2004), the 
four steps being: 
• transport of particles or cells to the surfaces of other cells or particles 
• reversible adsorption 
• irreversible adhesion of surfaces by polymers or other means 
• cell multiplication and development of the granule. 
Filamentous bacteria also contribute to granule formation, by creating a 
scaffold to which other bacteria can become entrapped and so form an at-
tachment. The filaments themselves may be initially attached to other par-
ticles. This is the basis of the 'spaghetti' model (Zhou et al., 2006). 
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4.2.1 Effects of metals 
Divalent and trivalent cations are an important factor in flocculation and 
granulation. The important ones are Ca2+, Mg2+, Fe3+ and Al3+. These 
bind to negatively charged organics in particles, partially neutralizing the 
charge and can also bind to ECP. The effect of calcium on granulation has 
been extensively studied. There have been conflicting reports as to whether 
calcium is beneficial or not, but at low concentrations in the 100 - 200 mg/1 
range calcium is beneficial in granule formation. Higher than this, certainly 
above 500 - 600 mg/1 it is detrimental (Yu et al., 200lb). High calcium 
concentration causes precipitation of calcium carbonate and calcium phos-
phate rather than becoming part of the floc. Another effect of high calcium 
concentration is that the large number of positive ions could reverse the 
charge on the particles instead of neutralising it so that the particles repel 
each other, preventing aggregation. Precipitation can occur in the liquid, 
on the granule surface or inside the granule. For granules above 0. 75 mm, 
precipitation of inorganics is likely to be in or part of the granule (Batstone 
et al., 2002). The precipitation appears to take place where there is bacte-
rial activity, so wherever bacteria are active within a granule, there will be 
precipitation. Precipitants inside the granule can impede diffusion within 
it, limiting bacterial activity. Production of calcium phosphate can lock up 
the phosphate, starving the bacteria of the phosphate they need for growth. 
A large inert materials content can thus inhibit methanogenic activity (van 
Langerak et al., 1998). A positive aspect of precipitation is that the crystals 
can form nucleation centres for granule formation or flocculation; biofilms 
can form on these particles; The action of calcium is based on its ability to 
reduce the surface charge on particles and as a constituent of ECPs. It may 
contribute to the stability of ECPs by influencing the polymer folding (Yu 
et al., 200lb). The presence of low concentrations of calcium may influence 
the rate of the last three steps of the four step model mentioned above. 
Adsorption is enhanced by calciums bridging ability, adhesion is enhanced 
by calcium mediated ECPs and multiplication by possibly stimulating the 
growth of aggregates directly (Yu et al., 200lb). As calcium is seemingly 
beneficial, adding extra calcium should enhance granulation, although if the 
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concentration gets too high the opposite may happen. This may be the case 
with Sharma and Singh (Sharma and Singh, 2001) who added calcium and 
phosphate and found that calcium addition alone had a detrimental effect 
on gas production and COD removal, although this was possibly due to the 
feed containing calcium and adding more caused overloading. The effects 
of adding iron and aluminium have been investigated. Yu et al. added 
aluminium chloride to a U ASB and found that 300 mg/1 Al3+ improved 
biomass retention and speeded up granulation. The effect was most marked 
at the early stages of granulation and declined as the granules matured. 
Their conclusion was that aluminium had a similar effect to calcium but 
with less risk of precipitation, although the reasons why are not stated (Yu 
et al., 2001a). 
4.2.2 Effect of iron on granulation 
Iron is the most abundant metal in anaerobic cultures and the most im-
portant for cell metabolism. Low concentrations of iron, for instance 2.5 
gfl FeClz, have been shown to increase the conversion of acetic acid to 
methane (Jackson-Moss and Duncan, 1990). It can promote granulation, by 
the production of sulphide precipitates which presumably act as nucleation 
centres. Iron also reacts with carbonates and hydroxides. It may also stim-
ulate ECP production by altering the balance of amino acids (Oleszkiewicz 
and Sharma, 1990). Iron can be toxic at high concentrations. One study 
has found that 1750 mg/1 Fe3+ had no effect but further increases led to 
digester failure (Jackson-Moss and Duncan, 1990). Jackson-Moss and Dun-
can managed to acclimatise a digester fed on synthetic feed to 5650 mg/1 
Fe3+. Gas production was lower than the control, 0.068 m3 jm3fday com-
pared with 0.114 m3 /m3 /day from the control reactor, after 100 days. The 
methane content rose to 95%, compared with 77% from the control reac-
tor after 100 days. This high proportion of methane was attributed to the 
precipitation of iron carbonate which depleted the carbon dioxide in the 
reactor. The iron was concentrated in the sludge; also iron is inhibitory 
to methanogenesis if insufficient nutrients are available for the growth of 
methanogens (Jackson-Moss and Duncan, 1990). An opposite view comes 
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from Johnson et al. who looked at the effect of iron dosed sludge (Johnson 
et al., 2003). Sodium sulphide was added to sludge containing iron, to form 
ferrous sulphide. This caused a drop in gas production from 1890 m!/ day 
to 1280 ml/ day. The ferrous sulphide weakens the floes, releasing organic 
matter, so gas production should have gone up not down (Johnson et al., 
2003; Waite, 2002). This floc destruction releases fine particles and polymer 
which increases CST and reduces dewaterability (Waite, 2002). Sulphide 
ion concentration was used by Mosey and Hughes as a measure of inhibition 
by metals. Gas production and sulphide ion concentration were measured 
for increasing metal additions to feed sludge. For iron, ferric chloride was 
added. The digester failed at 1750 mg/1 iron but it was restarted by adding 
calcium hydroxide and calcium carbonate and could then operate with an 
iron concentration of 2600 mg/1. It was suggested that iron would not be 
toxic if the pH was above 6.4 and the biogas contained at least 30% carbon 
dioxide by volume which facilitates the precipitation of ferrous carbonate, 
making the iron no longer bioavailable (Mosey and Hughes, 1975). 
4.2.3 Effects of extra cellular polymers 
Research has been done on the role of ECPs or biopolymers on granulation. 
They form a three dimensional matrix in which particles are embedded. 
They can also be a protective barrier and help to stabilise the cell mem-
brane surface (Liu et al., 2004). The total amount of ECP was found to 
be independent of the SRT, so it is not attributable to any particular part 
of the bacterial life cycle (Liao et al., 2001). Flocculation happens natu-
rally in the activated sludge process, due to the presence of ECPs and the 
bridging effects of filamentous bacteria. Anaerobic processes produce less 
ECP than aerobic ones. An example for brewery and soft drink industry . 
wastes (Hoa et al., 2003)is that the anaerobic processes had reported ECPs 
of 3. 7 to 5.2 mg/ g and the aerobic processes had 11.2 and 93.9 mgj g. This 
is thought to be due to the low yields of anaerobic bacteria compared with 
aerobic ones and also biochemical differences between the different types of 
bacteria (Liao et al., 2001; Liu et al., 2004; Morgan et al., 1990). ECPs 
may also be consumed by anaerobic bacteria as a source of energy. ECPs 
67 
Figure 4.1.1: Action of ECP (adapted from Liu et al. 2004) 
are made up of carbohydrates and protein. Amine groups in protein are 
positively charged so they will reduce the negative charge on the particle 
by neutralizing some of the negative charge from carboxyl and phosphate 
groups (Liao et al., 2001). The composition of the ECP can depend on 
the bacterial species, their physiological state and the operating conditions, 
such as substrate composition, temperature and shear forces (Liu et al., 
2004; Liao et al., 2001). 
The action of ECP in the formation of floes and granules by bridging is 
shown in Figure 4.1.1 and relies on electrostatic forces to make the initial 
contact and then bind the particles together. The concentration of bind-
ing sites on ECP was found to be 20 to 30 times higher than on bacterial 
surfaces (Liu et al., 2004). These binding sites can also attract other or-
ganic and inorganic materials. This is likely to be due to the porous and 
fibrous nature of the ECP. Granule and floc formation are also dependent 
on the hydrophobicity of the cell walls; high hydrophobicity gives larger 
floes. Hydrophobic surfaces in effect expel water molecules from between 
them, so giving surface to surface contact and adhesion. This behaviour is 
described in the local dehydration model (Liu et al., 2002). In acidogenic 
bacteria dehydration of the cell surface can occur because of the transport 
of protons from the inside to the outside of the cell, breaking the hydrogen 
bonds between the water molecules and the negatively charged groups on 
the cell surface - this is the proton translocation model (Pal et al., 2004). 
Non flocculated cells tended to be more hydrophilic (Kosaric et al., 1987). 
Domestic sewage contains hydrophilic organic and hydrophobic inorganic 
particles and the particles have an overall negative charge (Mahmoud et al., 
2003). Cell hydrophobicity was found to be affected by mixing intensity (as 
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represented by rotational speed, which was expected to give proportional 
shear strength on the floes); there is an optimum mixing intensity at which 
the hydrophobicity is maximum. This result showed that shear strength af-
fected the surface properties of bacterial cells (Liu et al., 2005). Production 
of ECPs is stimulated by 'stressful' conditions, which include (Liu et al., 
2004): 
o substrate composition 
o loading rate 
o HRT 
o shear force 
o settling time and feast/famine conditions in a SBR. 
4.3 Promotion of flocculation and granulation 
Granulation can take a long time, up to several months, and research has 
been carried out on how to speed this up, and also to produce robust gran-
ules. Research in granulation enhancement has focussed on surface activity, 
adding anions and/or cations or polymers which mimic the action of ECPs. 
As well as metals, polymers and minerals have also been added to promote 
granulation. 
A mineral that has been used experimentally to enhance granulation in a 
UASB is xonotlite, Ca6Si60!7(0Hh. It is a fibrous crystal used in the man-
ufacture of insulating materials. The diameter is 0.1 - 1.0 tJ-m. The fibrous 
crystals interweave to form spherical secondary particles. These particles are 
also chemically active they have a higher solubility in acidic solution than 
basic ones. The effect of xonotlite in UASBs was investigated by Ni et al. 
UASBs with differing concentrations of xonotlite plus a control reactor were 
fed with a synthetic feed with no SS. The inoculant was flocculent sludge to 
which xonotlite was added. The reactors were operated at 14 - 27'C, pre-
sumably because it is intended for use in UASBs carrying out wastewater 
treatment at ambient temperature. Bacteria should adhere to the fibres and 
fill in the spaces between them. Xonotlite dissolves to release Ca2+ ions and 
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increases alkalinity. If the liquid was acidic, more xonotlite dissolves which 
increases the pH. Granulation began after 20 days in the xonotlite reactors 
and started 40 days later in the control reactor. Initially sludge flotation 
took place, before granulation started. COD in the effluent was lower in the 
xonotlite treated reactors. The alkalinity started high, but declined until it 
was the same as the control (Ni et al., 2003). 
An organic cationic polymer was added at 1 ppm of reactor volume before 
settling, every two cycles. A synthetic feed without SS was used. After 300 
days, the treated reactor granules were an average 0. 78 mm diameter and 
the control granules were an average 0.39 mm. It was suggested that, as 
previously described, the flocculating mechanisms were bridging and charge 
neutralisation. In the long term, granulation had been speeded up by four 
months. The granules were larger, with those given the polymer 39 mm 
larger than the control after 300 days. This suggested more methanogenic 
activity in the larger granules (Ong et al., 2002). Another use of polymer 
was to make granules rapidly outside the UASB reactor by adding polymer 
to sludge and agitating at high speed (400 rpm) (Jeong et al., 2005). In this 
experiment four granular sludges were prepared using a mixture of cationic 
polyacrylamide and cationic guar gum at two strengths added to sewage 
sludge, and cationic polyacrylamide plus colloidal silica at two strengths 
added to sewage sludge. The two strengths of polymer were 0.5% w /w 
of dry sludge and 0.7% w/w dry sludge. The polymer treatments created 
granules around 1 - 1.5 mm in diameter in both cases. The feed was a 
synthetic wastewater with no SS, and the OLR was increased in a stepwise 
manner. The prepared granules had a higher settling velocity than the 
natural ones, and COD removal efficiency was 90%, compared with 60 -
82% in the WWTP. ECP content varied, which may have been due to the 
different polymers used. 
A different form of polymer is the water absorbing polymer (WAP). 
This is a resin which swells in water and has pores, which give a much 
greater surface area for microbial attachment. It is also less dense than 
mineral articles. Imai et al., looked at the effect of WAP in a UASB with 
two feeds, sucrose and a VFA mixture. The WAP is an acrylic compound 
with particle diameters in the range 100 - 200 ~tm added to the inoculated 
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sludge. With WAP and the glucose feed, granules 0.5 - 1.5 mm diameter 
were formed after 40 days operation, and all sludge was granular after a 
further month. Ultimately the WAP was all digested and so eventually the 
granules contained no WAP. In the control reactor, granulation was complete 
after 90 days. On VFAs, progress was slower. Well settling granules were 
formed within four months, and these also contained no WAP. In the control 
reactor the sludge was still flocculated after 135 days. The recommended 
dosage of WAP was approximately 750 mg/1 of reactor volume (Imai et al., 
1997). It is suggested from this research that other more natural WAPs may 
also work. This was to form one of the experiments in this research. 
A comprehensive investigation of granulation promoters was carried out 
by Wirtz and Dague (Wirtz and Dague, 1996). Their aim was to achieve 
rapid granulation. The additives tried were: 
• carriers 
- PAC 
- GAC 
- garnet sand 
- silica sand 
• coagulants 
- ferric chloride 
- polyquaternary amine polymer 
- cationic polymer 
It was hoped that the carriers would act as nucleation centres for gran-
ule formation and the coagulants would enhance flocculation and speed up 
granule formation. Only PAC, GAC and cationic polymer gave any sig-
nificant enhancement. They reduced granulation onset by 1.0, 1.5 and 3.0 
months respectively. In all the experiments the granules started to break up 
due to gas bubbles being formed inside them. Cationic polymers gave the 
best results with 95% COD removal after 60 days at 6 gCOD/1/day loading. 
GAC was also effective as a biomass carrier; it also adsorbed organic matter 
which may help with bacterial attachment. 
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The promoters looked at so far are expensively produced chemicals or 
minerals. An alternative is to use a natural material. One such is polymer 
of plant or animal origin. Tiwari et al. investigated cationic and anionic 
extracts from Reetha (sapindus trifoliata) seeds, and also Chitosan, a water 
absorbing polymer derived from chitin. These are cheap and abundant in 
India, where this research originated, but materials local to any region could 
presumably be used. UASBs with a synthetic (no SS) feed were used, with 
seed sludge described as flocculent in nature. Whether using sludge which 
already flocculated had any influence on subsequent granulation was not 
commented on. The Chitosan and cationic Reetha gave the largest granules. 
COD removal was up to 98% in all reactors, so the additives had no effect on 
COD removal and there was also no noticeable increase in gas production. 
Chitosan absorbs water, increasing cell hydrophobicity. The anionic Reetha 
enhanced granulation, possibly due to positive metal ions bridging between 
anions and negatively charged cells (Tiwari et al., 2005). 
Flocculation and granulation have largely been treated separately in the 
literature although they both have common origins and the techniques de-
scribed above could be applicable to either. It is proposed that granulation 
is flocculation taken to an extreme where compaction and consolidation con-
tinue. It has been shown experimentally that flocculation and granulation 
can be enhanced by using additives in UASBs and ASBRs but these exper-
iments have been done using soluble feeds without SS. Would these same 
methods work with high solids feeds? It is generally reported that granu-
lation does not take place in reactors containing high concentrations of SS, 
unless the effects of electrostatic charges could be overcome, although the 
presence of some particles which could act as nuclei might imply that at 
least flocculation might happen. Bacteria would attach to these particles 
and form a biofilm; granule formation is a thickening of this biofilm forming 
a population of syntrophic bacteria. The effect of inert particles on granula-
tion has been studied (Pol et al., 2004). It seems to require particles in the 
40- 100 Jlffi range; when these were removed from the inoculant, granulation 
was not observed compared to start-up with these particle sizes. Inorganic 
particles may be harmful for the formation of granular sludge. The density 
of the particles may be sufficient to cause them to sink to the lower part of 
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Figure 4.3.1: Sweep floc mechanism (from (Bache et al. 1997) 
the reactor when the lighter biomass may be closer to the top, so the chance 
of contact between them may be reduced (Pol et al., 2004). The granula-
tion promoters were added to the inoculant sludge once at the beginning, 
in some ASBR experiments they were added for the first few cycles until 
granulation was well advanced. How this would work with high solids feeds 
is not known. Although granulation may not happen, it may be necessary 
to continually dose with some form of flocculation or settlement promoter, 
which would be an ongoing cost unless a cheap or free waste material could 
be used. Another possibility, if flocculation or granulation proves to be im-
practical is to attempt entrapment of particles using natural fibres. To test 
this, flocculation promotion in the ASBR was tried using common natural 
materials, such as sawdust and paper fibre. The xonotlite and WAP exam-
ples showed that this could happen; it would be similar to Figure 4.1.1 but 
at a macro rather than a molecular scale. A similar idea does exist at the 
macro scale as a 'sweep floc'. This uses a coagulant to create a precipitate, 
such as aluminium sulphate which reacts with calcium bicarbonate to give 
aluminium hydroxide which is insoluble. Particles become coated with pre-
cipitate, and become entrapped in an expanding matrix of precipitate and 
particles. The particles are said to be 'swept out' of the suspension (Bache 
et al., 1997). This assumes that the particles to be settled are much larger 
than the precipitate particles. Figure 4.3.1 shows how the precipitate fills 
the voids between the larger particles. 
It is thought that the coating forms an electrostatic bridge between the 
particles. With sawdust and paper, the roles in Figure 4.3.1 are reversed, 
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with the sludge particles being much finer than the coagulating particles. If 
the sludge solids play the part of the coagulant, being negatively charged, the 
'primary particle' of Figure 4.3.1 would need to be positively charged. This 
may not be the case; these materials may carry no charge. It is possible to 
attach cationic groups to lignocellulosic material to provide a positive charge. 
Research has been carried out on the use of sawdust modified in this way 
for adsorbing contaminants such as phosphates, dyes or heavy metals from 
water (Karthikeyan et al., 2004; Shukla et al., 2002). Modifying sawdust 
requires chemicals, which makes this approach less sustainable, so in this 
project unmodified sawdust was used. The intention was to see if purely 
mechanical entrapment not relying on electrostatic effects could be effective. 
Paper fibres are of the same composition as sawdust, but in the form of 
individual fibres. These can form a mesh or mat which would trap sludge 
particles, and the action is similar to filtration by a fibrous medium such as 
filter paper. The purely physical entrapment of particles in a mesh of fibres 
does not appear to have been tried in this context. 
The literature review has shown that techniques which increase sludge 
age or solids retention time enhance digester performance. Most require ad-
ditional reactors (phased or staged) or continuous dosing of fiocculants. An 
exception to this, and the subject of this research is the ASBR, so far only 
tried for sewage sludge and night soil in Korea, where the sludge character-
istics are different from Europe. Two other areas not reported on so far are 
the use of recyclable aud sacrificial settlement aids also researched during 
this project. 
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5 Aims and Objectives 
The objective of the project was to investigate whether it would be possible 
' to improve the viability and acceptability of anaerobic digestion as a waste 
treatment process and source of renewable energy, by the use of an enhanced 
digestion technique. The enhanced digestion technique investigated here is 
the use of a very long solids retention time in the digester using the anaerobic 
sequencing batch reactor (ASBR), to give greater solids breakdown with 
corresponding increase in the amount of biogas produced. 
The aims of the project were: 
1. To replicate previous work on the ASBR with sewage sludge. 
2. To compare the performance of ASBR and CSTR, both under the 
same conditions and with the same feed. 
3. To attempt biomass recycle using a recoverable carrier. 
4. To attempt to improve or promote settlement in the ASBR using nat-
ural materials as additives. 
The experiments in this project are intended to confirm whether the 
ASBR actually is superior to the CSTR for organics removal and biogas 
production, and also to see whether sludge flotation does happen with high 
VS feed sludge, and if it happens consistently. Long term solids retention 
in the reactor is what gives the ASBR its superior characteristics. However 
it is the biomass that is really being retained; the high concentration of 
biomass gives the high solids breakdown. The long biomass retention is also 
accompanied by less desirable materials, non-biodegradable and inert SS, 
as well as possibly inhibitory substances. There may be some undegraded 
biodegradable material which ought to be retained, although this could be 
very small at the end of the react stage of the ASBR depending on the lignin 
content. Separating the biomass from the rest of the sludge may give lower 
SS in the reactor and better performance. One way this separation could 
be achieved is through the use of a specific biomass carrier that is easily 
separable from the waste sludge. 
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6 Experimental methods 
6.1 Design 
6.1.1 Reactors and feeding 
The experiment was intended to be a comparison of the ASBR and the CSTR 
under anticipated operating conditions. The control digester was set up as 
a CSTR with displacement type feeding. Both digesters had the same feed, 
thickened sludge from the local sewage works at Wanlip, Leicester. This 
meant that the feed would vary in thickness and composition, but because 
both digesters are getting the same feed, any differences in their performance 
should be due to differences in their operation. Gas mixing could not be 
used for safety reasons, so both reactors were mechanically stirred. The 
temperature was kept constant in the temperature controlled room whereas 
in practice digester temperature would vary due to seasonal changes a'nd 
other occasional upsets such as lack of gas. Feeding was also different, with 
the laboratory CSTR being fed once a day (except weekends) instead of 
semi continuously as in normal practice (every four hours at Wanlip). The 
ASBR by definition would be batch fed, the frequency depending on the 
cycle time. These times would vary and, combined with differences in feed 
sludge thickness gave a range of VS and thickness, HRT, SRT and OLR. 
A general view of the apparatus is shown in Figure 6.1.1.1, with a sim-
plified block diagram in Figure 6.1.1.2. 
The reactors were Perspex cylinders 15 cm in diameter and 80 cm tall 
with a liquid volume of 10.6 litres. The cylinders and the metal framework 
already existed, having been used in previous projects (Shaw, 2000). They 
were kept in a temperature controlled room at 35•c. Stirring was mechanical, 
the stainless steel stirrers extending the height of the reactor with paddles 
near the top and at the bottom. Extensions to the upper paddles were fitted 
to prevent scum formation. The stirrers were driven by Heidolph RZ 2102 
mixers. The stirrer shafts were inside Perspex tubes which extended below 
the surface of the liquid in the reactor to form a gas seal. Additionally the 
shaft passed through a rubber seal at the bottom a an oil filled well which 
provided an extra seal. Ports for influent and.effiuent were fitted with 19 
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mm i.d. Nalgene tubing. This size was used as much as possible to provide 
low resistance to the flow of thick sludges and to reduce the possibility of 
blockage. CSTR draw off was via a U-tube providing a gas seal - it also 
had a valve which enabled the reactor outlet to be cleaned out with a piece 
of wire in case of blockage. This proved to be very useful. ASBR draw 
off was by three ports from which the supernatant and sludge could be 
separately taken off. The original intention was to have the feed, thicken 
and draw cycle for the ASBR automated, using peristaltic pumps controlled 
by Lab VIEW. This idea was abandoned when the intractability of the feed 
sludge was appreciated. The Watson Marlow peristaltic pumps normally 
used were found to be unable to handle the thick sludges - the maximum 
size of neoprene tube they could accommodate was only 9 mm and the pump 
simply would not function. An alternative was needed, but low flow pumps 
that could handle this kind of sludge were not common. 
The most suitable was the Mono Low Flow progressive cavity pump, 
which can deliver flowrates as low as 0.23 1/min. This was far too expen-
sive, so a 12 V de flexible impeller pump (Jabsco Model 23680-4003) was 
tried. Its maximum flow rate is 32 litres/minute, reduced by using an elec-
tronic speed control. Even so, flow rate could not be adequately controlled 
so a diverter valve was used to split the flow, part going to the reactor and 
the rest back to the feed container. This did not give good flow control 
either so it was abandoned and a gravity feed system was used with feed 
sludge in a container placed at high level to give a sufficient head to force 
the sludge into the reactor. This was not trouble free either - solids and 
liquids tended to separate in the container and the tubing so the contents 
of the container needed mixing before feeding. Lumps in the sludge caused 
blockages which had to be cleared, which could be time consuming, not to 
mention the spillages which occasionally happened. The feed sludge deteri-
orated through being kept in the warm room; gassing also occurred in the 
tubing, so the amount of sludge in the warm room was kept to a minimum, 
and subsequently the sludge container was removed from the warm room 
overnight and over weekends. It was kept in the laboratory rather than the 
cold room so that it was not too cold when needed for use yet was not too 
warm to cause significant unwanted digestion. After feeds the sludge feed 
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Figure 6.1.1.1: Overall view of the experimental rig 
Stunr 
Dryer 
T Valve 
Figure 6.1.1.2: Diagram of test rig 
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container was disconnected and the tubing flushed out, then left filled with 
water. Thls prevented any remruning sludge on the walls of the tubing dry-
ing out and coming free, possibly causing blockage later. Blockages often 
necessitate dismantling the apparatus to clear. As ASBR sludge withdrawal 
is from the bottom port the connections were dismantled and the system 
was thoroughly flushed out to ensure that there was no contamination with 
feed sludge residue. 
Seed sludge was obtained from Loughborough STW and feed sludge from 
the Wanlip, Leicester STW. Typically fresh sludge was collected weekly. The 
feed sludge was stored in a cold room at 4•c in a bulk contruner after being 
sieved using a 6.3 mm mesh to remove larger items which could clog valves 
or tubes. Two bulk contruners were used alternately. The original intention 
was also to use a pump to transfer sludge to the feed container from the 
bulk contruner but it was found to be easy enough just to fill it by pouring. 
Both reactors have pH and ORP probes fitted to give continuous mon-
itoring. These were fitted into the reactor walls through cable glands with 
rubber seals which could be tightened to give a water proof seal. The pH 
probes (Fisherbrand FB68802 combination gel) were connected to a Orion 
720A pH meter with a serial connection to the computer. An automatic 
temperature compensation probe for the pH meter was fitted in the ASBR. 
The meter was read by the computer once every minute, providing two pH 
readings and the temperature. The ORP probes (Orion 96788N platinum 
electrode with 4M KC! filling solution) were connected to a PCI 6380 inter-
face. This was also interrogated once per minute by the computer. 
Data collection was carried out by Lab VIEW 6.0 programs which wrote 
the data to a text file once per minute, as described in Appendix A. There 
was a real time display of gas flow, cumulative gas production, elapsed time, 
pH, ORP and temperature as well as controls for changing the results file to 
enable results files to be transferred to another computer at regular intervals. 
Settlement tests were carried out using 250 m! ASBR effiuent in a mea-
suring cylinder. This was left for 48 hours or longer and the volume of 
settled sludge and the turbidity of the supernatant noted. The suspended 
solids concentration of the supernatant was measured, using the standard 
method. Before addition to the ASBR, magnetite was added to CSTR effiu-
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ent in a measuring cylinder to see what effect it would have on settlement. 
It was compared with CSTR effluent without magnetite. 
Gas flow in mljhour and cumulative gas production in millilitres were 
automatically recorded on line for both reactors. ORP and pH were also 
recorded. There was only one temperature probe so only the ASBR temper-
ature was measured the CSTR temperature was assumed to be the same. 
It was necessary to know pH to ensure that the reactors did not become 
acidic due to overloading and pH gave an indication of reactor health; the 
immediate response of pH to feeding was also used to observe the produc-
tion of acid after feeding. Alkalinity and pH were measured to monitor the 
balance of the hydrolysis and methanogenic phases. The value of the ORP 
measurement was less apparent from the literature but it could be used as 
an indicator of reactor health and it was measured to see if it correlated 
with any of the other quantities. It would also give an indication of whether 
too much air was being introduced into the reactor. These quantities were 
written to a file once every minute and the results then transferred to Excel 
spreadsheets. How the data were handled is described in Appendix A. 
Cumulative gas production per feed was calculated using the feed times, 
but the number of feeds for the ASBR was fewer than for the CSTR so they 
were not directly comparable. Because the gas production over time was 
nonlinear, the daily gas production quoted is an average value. An additional 
data handling problem with the ASBR, which used greater periods between 
feeds is that gas production occasionally gradually went to zero. This low 
production period would be included in the calculation and would give an 
artificially low daily gas production. Using just the react time, where 
reacttime = cycletime - thickentime - filltime 
would give a closer approximation, but may still underestimate the gas pro-
duction per day. Another option was to use an arbitrary period, say three 
days, to ensure that ail the initial linear part of the curve is included. The 
draw time was not included in the calculations, as it was very short, taking 
around 5-10 minutes which is negligible compared with the other stages. 
The feed time was the total time between starting the feed and the liquid 
level in the reactor reaching the required height. Feeding was not continuous 
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during this period but small amounts of feed sludge were introduced period-
ically. This could be expressed as an average feeding rate over the fill stage. 
Feeding rate was made dependent on pH; if the pH dropped below 6.6, no 
more feed was introduced until it had stabilised or recovered. This led to 
very long feed times on occasions, when the feed sludge was very thick. The 
feed/react ratio was calculated; this is considered to be significant in the 
thickening behaviour of the ASBR. (Shizas and Bagley, 2002).To compare 
gas production rates a normalised quantity is used. Two specific gas mea-
sures were used. One was m3 /kgVSremovedjday which gives an indication 
of the efficiency of the conversion of VS to gas. A rule given in the litera-
ture (CIWEM, 1996)is that 1m3 gas is produced by the breakdown of lkg 
of VS. The other measure is gas produced per unit reactor volume, m3 jm3 
reactor voljday. The reactor volume refers to the volume of liquid in the 
reactor, not the total reactor volume. This quantity was used because there 
were small variations in level between the ASBR and the CSTR. VS had to 
be converted to weight, so the weight of VS remaining was used where the 
weight of ash is the weight of the residue after firing the sludge at 500oC for 
5 hours. 
VS remaining = dry weight of sludge - weight of ash 
Specific gas is the volume of gas produced for each kg of VS removed: 
. . gas volume 
Spectfzc gas= V Sin - V Srem (11) 
Equation 12 was used in the spreadsheet to calculate specific gas. 
S Total gas/1000000 
P gas = :cv"'S;-;-kg--'[.,.,( .,.,V"'S,...re-m--,-k-g j7 s_a_m::..p7le-'-v-o7l ""l)_x_r_ea-ct..,.or-v-o7l """1)--,/l"'o"'o""o] 
m3/kgVSremoved 
Where: 
VSkg VS in feed 
V Srem VS in the effluent sample 
Sample vol volume of effluent sample 
Reactor vol liquid volume in the reactor 
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(12) 
8 Sep 04 - 10 Nov 04 64 days 
10 Mar 05 - 23 May 05 75 days 
8 Jun 05 - 3 Aug 05 57 days 
22 Aug 05 - 10 Oct 05 50 days 
2 Nov 05- 14 Apr 06 164 days 
Total 410 days 
Table 3.3.2.1: ASBR operational periods 
Sample volume was always 40 m! for TS and VS measurements. The 
interval between feeds was adjusted to be 24 hours in this formula. Reactor 
volume was kept constant for the CSTR; the volume in the ASBR was 
recorded and used for calculating the settled sludge volume. Both reactors 
were run as CSTRs for a commissioning period to check that they both 
gave similar results. The CSTR was started in June 2004, and the ASBR 
(as a CSTR) in July. Leaks were a problem initially, being responsible 
for apparently zero gas output. A fault with a gas flow meter also gave 
unreliable readings for the ASBR during August. All the gas meter channels 
were readjusted on September 6th and gas flow readings were regarded as 
reliable from that date and all results are from that date. From the beginning 
llipleys Ratio and total and volatile solids were measured, at least once 
per week. There were periods when the ASBR reactor was operated as a 
CSTR. This was done when the ASBR settlement failed, and a period of 
CSTR operation might help to restore the settlement behaviour. The ASBR 
operational periods were: 
The total run time was 586 days; ASBR operation was for 70% of this 
time; the rest of the time it was operated as a CSTR, as shown in Table 
3.3.2.1. 
6.1.2 Gas flow measurement 
Biogas from the reactors was first dried using silica gel crystals and passed 
through steel wool to remove hydrogen sulphide. Gas flow was then mea-
sured by Challenge Flo-Cell units with 1600 ml/hour capacity which were 
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connected to the computer via a serial link, monitored by a Lab VIEW pro-
gram as described below. The Flo-Cell is a U-tube with oil in it, as shown 
in Figure 6.1.2.1. 
Figure 6.1.2.1: Flo-Cell 
The incoming gas creates bubbles in the oil by means of a specially 
shaped orifice; it is designed so that the bubbles are all the same size. As 
each bubble passes through the oil it breaks a light beam which increments 
a count. 
This count is multiplied by the bubble volume (which is calibrated at the 
factory) to give the gas volume. Gas flow rate was calculated by taking the 
differences in the count at one minute intervals and multiplying by 60 to get 
gas flow per hour. As the liquid level in the ASBR was variable a gasholder 
was connected to the ASBR to provide a volume of gas to flow back into 
the reactor as the liquid level falls. The gasholder consisted of two Perspex 
cylinders, the upper one a sliding fit in the other. It was counterbalanced 
to ensure that the pressure in the gasholder was just above atmospheric. 
The lower cylinder was filled with dilute hydrochloric acid to provide a seal; 
the acid was used to prevent C02 dissolving in the water and distorting the 
gas production figures. The gasholder was connected directly to the ASBR, 
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upstream of the Flo-Cell. This meant that gas flowing into the gasholder 
was not measured. 
6.1.3 Solids analysis 
Sludge characteristics were defined by total solids and volatile solids mea-
surements and suspended solids measurements done according to Standard 
Methods (Eaton et al., 1995).TS is usually expressed as a percentage by 
weight. Suspended solids (SS) alone may be measured after removing the 
water by filtration. This is given as weight of solids per unit volume. The 
sample sizes for solids determination were 40 m! in all cases. Percentage TS 
and percentage VS were calculated for both feed and effluent, as follows: 
%TS = dried sample wt x 100 (13) 
sample wt 
%VS = dried sample wt- ashed sample wt x lOO (14) dry sample wt 
Percentage VS removal was calculated from the fractional VS: 
f Vs - (%TS X %VS) rac - 10000 (15) 
kg VS/kg feed 
This gives the proportion of VS taking into account sludge thickness. 
Percentage VS removal is then 
01 VS d-feedfracVS-effluentfracVS 100 70 remove - feed frac VS x (16) 
When TS and VS were measured the feed fractional VS from the previous 
measurement was used to calculate VS removed, to adjust for some of the 
bias caused by the retention time. 
The mass of VS in the feed was also needed for calculating the specific 
gas production. 
VS mass= (feed density x feed volume) x fracVS (17) 
kg 
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Attempts were made to measure feed sludge density by weighing a mea-
sured volume of sludge but reliable results could not be obtained due to the 
difficulty in accurately measuring the volume of such thick sludge using a 
measuring. Sludge density was therefore taken to be 1.02, the value given 
in Metcalf and Eddy (Metcalf and Eddy, 2003). 
Suspended solids were measured for ASBR sludge and supernatant by 
vacuum filtration through 1.2 Jlm filter paper. If the sludge was thick it 
was diluted 100 times before filtering; two samples of either 5 or 10 m1 were 
used depending on how turbid the diluted sludge was. Other possible mea-
surements of carbon conversion were COD and TOC. COD was attempted 
but it was not possible to reduce the sludge to fine enough solids to allow 
reproducibility, and the results were not useful. TOC can only be used for 
measurements of dissolved solids. There is a boat attachment for the TOC 
analyser, where the solid material is put in a platinum 'boat' which is pushed 
into a cylindrical heater at 800°0. Unfortunately only total carbon can be 
measured with this so it is no more useful than volatile solids measurement. 
6.1.4 Ripley's ratio and alkalinity 
The health of the reactors can be expressed in the Ripley's ratio (Ripley 
et al., 1986).In this procedure, titrating with 0.5M HCl an effiuent sample 
first to pH 5.75, which measures bicarbonate or partial alkalinity, then to 
pH 4.30 which measures alkalinity due to volatile acids or intermediate al-
kalinity. It provides a simple way of estimating digester alkalinity. It is the 
ratio 
lA 
RR= PA (18) 
where lA is intermediate alkalinity measured by titrating from pH 5.75 
to 4.3 and PAis partial alkalinity measured by titrating to pH 5.75. Using a 
ratio exaggerates changes in either quantity so any changes are more easily 
detected. 
Alkalinity was also calculated using the formula 
Alk l . . 1.25 X A X N X 50000 a zmtys.75 = 8 (19) 
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mg/1 as CaC03 
A =volume of HCI to titrate to pH 5.75 (m!) 
N = normality of HCL (0.5) 
S =sample volume (m!). 
This formula was derived in (Jenkins et al., 1991) as a measure of true 
bicarbonate alkalinity, excluding volatile acid buffering capacity. At pH 
5. 75 around 80% of the bicarbonate will have been titrated but less than 
20% of the VFAs will have contributed to the alkalinity. 
TS and VS, Ripley's ratio and alkalinity were measured once per week 
for the CSTR and at each draw and fill for the ASBR. A Mettler Delta 340 
pH meter was used for all these measurements. Effiuent conductivity was 
measured for a few samples during the period of high alkalinity. This was 
to see if there were high salt levels due to run off from roads. 
Ammonia, which is a product of digestion of protein was estimated using 
a Palintest photometer. The ammonia nitrogen is actually measured by 
this test. The supernatant from centrifuging the sample for 20 minutes 
at 11000 rpm, diluted 10000 times with distilled water was used for the 
analysis. Ammonium ions are used in small amounts by methanogens as 
a source of nitrogen but an excessive amount but a large concentration 
of ammonia nitrogen is inhibitory to methanogenesis. Concentrations up to 
1000 mg/1 are beneficial, but above 3000 mg/1 it becomes strongly inhibitory, 
but there is no agreement on the actual amounts (Parkin and Owen, 1986). 
Ammonium bicarbonate is the principal source of alkalinity in AD. 
The effectiveness of the ASBR ·compared with the CSTR for pathogen 
destruction was also tested. To begin with, pathogen reduction was esti-
mated using the Palintest Colilert system. This gives the concentration in 
MPN /lOOm! of total coliforms and E. Coli. Samples of feed sludge, ASBR 
effiuent and CSTR effiuent were tested. This was found to be too imprecise 
so membrane filtration was used with feed, CSTR effiuent, ASBR super-
natant and ASBR sludge , diluted 10000 times for feed and 1000 times for 
the other samples in sterile quarter strength Ringers solution. This was fol-
lowed by growth on Slanetz and Bartley medium to select for Faecal Strep-
tococci. which were incubated at 44oC for 48 hours. Results were given in 
colonies/lOOm!, and the results were also expressed as log reductions with 
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respect to the feed. 
6.1.5 Gas analysis 
Biogas from both reactors was sampled through a sample point in each gas 
line to the gas meter, and the methane and carbon dioxide content was 
measured with a Varian MicroGC gas chromatograph. Helium carrier gas 
was used at 120 kPa, through a Porapaq column at 50°C. The Micro GC 
was calibrated using pure methane. Twenty samples from each reactor were 
taken to allow for trapped air in the system and to allow it to stabilise. The 
mean of the final ten samples was used for the result. 
6.1.6 Hydraulic characteristics 
HRT, SRT and OLR for the ASBR were calculated as follows: 
HRT = reactor vol(d) 
draw vol(l) x cycles per day (20) 
days 
SRT = Total solids(gjl) x reactor vol(l) (2l) 
(Csl x Vsl) + (Csn x Vsn) x cycles per day 
days 
Where: 
Csl =sludge solids (g/1) 
V sl =sludge volume (I) 
Csn =supernatant solids (g/1) 
V sn =supernatant volume (I) 
OLR _ frac feedVS x feed mass(kg) l d 
- reactor vol(l) x eye es per ay 
kgVSjm3 /day 
For the CSTR: 
days 
H RT = reactor vol(l) 
feed vol(l)Jday 
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(22) 
(23) 
kgVS/m3 /day 
6.1.7 Sludge viscosity 
OLR = VS(kg)fday 
reactor vol(l) (24) 
AD changes the viscosity of sludge, this change being due to the reduction 
in solids and changes in the structure of the solids (Monteiro, 1997) .Solids 
concentration and particle size distribution, which affects the way particles 
pack together, are major influences on viscosity (Slatter, 1997). It was 
anticipated that as solids accumulated in the ASBR this might become an 
infi uence on the power needed to maintain mixing. 
Viscosity was measured with a Brookfield RVDV-II+ Pro viscometer. 
CSTR and ASBR sludges were measured. The viscosity was a possible factor 
in thickening behaviour. Being thicker, ASBR settled sludge was expected 
to be more viscous than CSTR sludge. When there was no settlement the 
viscosity of ASBR supernatant was also measured. Viscosity in mPas and 
the temperature in degrees C were recorded, as well as the spindle number 
and speed in rpm. Two spindles were used. Number 2 was a disc type 
spindle, measuring 46.93 mm in diameter and 1.65 mm thick. Number one 
was a cup type, measuring 56.26 mm in diameter and 22.48 mm deep. The 
range of sludge viscosities was such that more than one spindle and speed 
had to be used. Viscosity versus temperature was also measured, the test was 
done to see if some correction for temperature differences between samples 
was necessary. A measurement of viscosity against rotational speed was also 
taken, to get an estimate of the sludge rheology. 
6.1.8 Capillary suction time 
Capillary suction time (CST) provides a way of estimating the dewaterability 
and characteristics of a sludge. It is linked to specific resistance, which is 
resistance per unit weight of dry solids. CST measures the volume of water 
removed per unit time whereas specific resistance measures the mass of 
solids that can be dewatered in unit time. Specific resistance measurement 
is so time consuming, that CST was used alone to give an approximation 
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(Vesilind, 1974). It was measured using a Triton type 165 CST meter. It was 
of interest because of the changed nature of the ASBR sludge compared with 
that of the CSTR with regard to thickness and particle size and dewatering 
costs. 
6.1.9 Particle size distribution 
Particle size would influence ASBR sludge settlement, and could be used 
for explaining the settling behaviour of the ASBR. A Malvern Mastersizer 
2000 particle size analyser was used. Particle sizes for ASBR sludge and 
supernatant, and CSTR sludge were measured. The operating conditions 
were: 
Pump speed 2200 rpm. Three minutes sonication at 15 p,m displacement 
then one minute wait before measuring. The displacement is the amplitude 
of the displacement of the ultrasonic probe tip; it gives an indication of the 
amount of sound energy going into the liquid. The measurement range was 
0.02 to 2000 p,m. Seven measurements were taken and the average result 
calculated. 
The results provided by the Mastersizer were: 
D(0.1) 10% of the particles were at or below this diameter 
D(0.5) 50% of the particles were at or below this diameter 
D(0.9) 90% of the particles were at or b~low this diameter 
Two different mean diameters were calculated: 
D(3,2) Surface area moment mean 
D(4,3) Volume or mass moment mean 
L;d4 
D(3, 2) = I: d3 
(25) 
(26) 
Where d is the diameter of any particle in the sample. These means do 
not use the number of particles; they are analogous to moments of inertia 
or centres of gravity (Rawle). The numbers they give for any particular 
sample are different and related to particle shape, itself likely to influence 
the drag coefficient. Laser diffraction calculates a distribution based on 
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volume (Rawle) which favours the D(4,3) mean and this mean is also closer 
to the peak of the size distribution. 
Previous work has identified the importance of metals to the bacterial 
metabolism and to sludge flocculation and granulation. Metals in effluents . 
were measured using an AtomScan 16 inductively coupled plasma (ICP) 
machine. Effluent sludge was centrifuged for 20 minutes at 11000 rpm and 
the supernatant diluted appropriately for analysis. The ICP machine was 
calibrated with standard solutions of five different concentrations to give a 
calibration curve, which was actually approximated to a straight line. The 
only metals measured were iron and calcium. Both of these are implicated 
in thickening, although the iron was also measured initially to see if there 
was any leaching from the flocculation aids. 
6.1.10 Statistical Analysis 
The amount of data and the variable nature of biological processes as well as 
the influence of works operation on the feed characteristics meant that sta-
tistical methods of analysis were used to determine if significant differences 
existed in the data. The null hypothesis in this case was that there was 
no difference between the CSTR and the ASBR. The Student t distribution 
with a confidence level of 95% is usually used to find significant differences 
between the means of the parameters being analysed. A confidence interval 
is calculated and there is a 0.95 probability that the mean is in this inter-
val. Other confidence levels may be used but 95% is the conventional one. 
The confidence interval can be included on graphs in the form of error bars 
to give an impression of the variability of the data. If the ends of the error 
bars are connected by lines an area is defined on the graph, within which are 
the actual values. The two sample t test for the difference between means is 
commonly used, assuming that the variances of the two samples are different 
(where a sample consists of a set of measurements). This test is based on 
the assumption that the data are normally distributed and samples contain 
a minimum number of data points. 
The statistical methods used depend on some assumptions about the 
data. One is that the data are normally distributed. Sample size is also im-
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portant; thirty is the minimum size generally quoted, this being the number 
of data points at which the t distribution is the same shape as the nor-
mal distribution. The main concern in this project was the small sample 
size.The boxplots used for comparison display the median and upper and 
lower quartiles, that is the box contains 50% of the data (the interquartile 
range). The 'whiskers' give the limits of the main body of the data, which 
are values at ±(1.5 x interqartile range). Extreme values are plotted with 
individual points. 
When the distributions are skewed and sample sizes are less than thirty, 
non parametric tests may be used; these tests do not assume any knowledge 
of parameters such as mean and standard deviation nor any knowledge of 
how the data are distributed. The simplest non-parametric test is the sign 
test which tests the proportion of samples above the median of the data. 
The disadvantage of this test is that it does not use all the information the 
data contains and it is a 'weaker' test in that it is less likely to reject the null 
hypothesis. It is possible that the t test and the sign test might give different 
results on the same data. The other commonly used non-parametric test is 
the Mann-Whitney U test (Diamond and Jefferies, 2001). 
Correlation was performed using the Pearson product moment correla-
tion function. It only measures linear correlation; relationships are not nec-
essarily linear although as a first estimate they are assumed to be. Where 
there is a large spread the relationship between quantities may not be obvi-
ous. If a relationship appears to be nonlinear, it is usual to try to linearise 
it by transforming the data, for instance by expressing quantities in loga-
rithmic form or raised to some power. Outliers can also affect correlation, 
weakening a strong correlation. Scatterplots, boxplots and histograms were 
used to visualise the relationships between quantities and correlation was 
used to get a numerical estimate of the strength of the relationship between 
quantities. 
Graphical functions in Excel were used for most of the plots; boxplots, 
other scatterplots and statistical tests were carried out in DataDesk 6.1 ISE 
by Data Description Inc. of Ithaca NY (www.datadesk.com). 
91 
6.1.11 Errors and Uncertainties 
All measurements have some error associated with them, dependent on the 
accuracy of the instrument itself and the accuracy with which it is read. Vol-
umetric measurements (using measuring cylinders) are generally the least 
accurate. TS & VS and feed volumes depend on this. Feed volumes were 
measured using a 500 m! measuring cylinder specified at 5 m! at 2o·c al-
though the reading is estimated to the nearest 1 m!. Measuring thick sludges 
in this way is particularly error prone as the measuring cylinder cannot be 
completely emptied. Samples were measured using a 50 m! measuring cylin-
der with an accuracy of ±1ml at 2o·c. Percentage TS and VS values are not 
dependent on volumetric measurements as these were based on weights, but 
TS and VS grams per litre calculations would be affected by this. For Rip-
ley's Ratio and alkalinity the sample was measured using a 100 m! measuring 
cylinder specified at 1ml at 2o·c, which could be read to ±0.1ml. 
For Ripley's Ratio and alkalinity there were four sources of error: sam-
ple volume (as mentioned above), acid molarity, burette reading and pH 
measurement. The burette was a 50 m! capacity, capable of being read to 
an accuracy of 0.01ml. The pH meter was calibrated before each reading, 
using two points at pH 4 and pH 7, with automatic temperature correction, 
so it was assumed to be correct. During the second Ripley's titration for 
the ASBR, from 5. 75 to 4.3, it was sometimes found that the pH would 
immediately start to rise when acid was not being run in. This meant that 
the pH would decrease in a sawtooth rather than linear fashion, so more 
acid would be used giving an underestimate of the Ripley's ratio. Toward 
the end of the experiment this happened less often, implying that the ASBR 
was more stable. As Ripley's Ratio is dimensionless, errors in acid molarity 
or sample volume are cancelled out (Ripley et al., 1986). Ripley's Ratio 
should be measured as soon as possible after the efiluent has left the reactor 
because C02 will start to come out of solution which causes the pH to rise. 
In practice it takes several minutes to do a CSTR feed so the efi!uent will 
have been exposed to the air for this length of time, so pH measured for 
Ripley's Ratio will be too high. As differences in pH are used, this is not 
too significant. 
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The Challenge Flo-Cell gas flow meters have a claimed accuracy of ±1%. 
They are factory calibrated and the calibration is constant provided the tem-
perature is kept constant and the oil in the cell is clean (Systems, 2001). A 
disadvantage of the Flo-Cell is its sensitivity to pressure changes, both at-
mospheric and within the reactor, which appear as variations in flow rate 
although the total gas production is not affected as the amount of gas pro-
duced would always be the same regardless of pressure changes. Another 
source of error for the ASBR is the gas holder. This could not be connected 
to the downstream side of the Flo-Cells so gas flowing into the gas holder 
was not measured. However if the gas holder is kept full this is not a prob-
lem; the gas holder should only rise or fall with the rise and fall of the liquid 
level in the ASBR. 
Volatile solids measurement could be misleading. Volatile solids (as well 
as TOC and COD) measures the total carbon, both biodegradable and non 
biodegradable. It would therefore give an over estimate of the methane 
potential of the organic content. There is also the possibility of interference 
from water loss from magnesium and calcium salts and conversion of organic 
to inorganic salts (Maco et al., 1998). VS values could only be regarded as 
estimates. Nevertheless some measure of organics destruction was needed, 
and VS has the advantage of being simple, if not precise, although over the 
long term the trends should be apparent. 
Viscosity measurements were dependent on temperature, spindle type 
and spindle speed and to get useful comparisons these should be the same 
for all samples. However this was not possible; temperature varied between 
samples and there was no means of correcting for temperature differences. 
Additional tests were carried out to relate viscosity to temperature and 
spindle speed. Wide variations in viscosity meant that different speeds or 
different spindles had to be used which also influenced readings, although 
for any given sample the reading should be the same regardless of which 
spindle or speed is used. Measurement of sludge viscosity can have other 
pitfalls such as settlement during the measurement and changes in particle 
size distribution and centrifugal effects around the rotating element. (Slat-
ter, 1997). Sludge characteristics change with time so to try to get some 
consistency an arbitrary period of ten minutes was used between starting the 
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viscometer and taking the reading, so that the sludges were in approximately 
the same condition when the readings were taken. 
The accuracy of the CST equipment has to be assumed; the values for 
CSTR and ASBR are compared so the actual values are less important. A 
source of uncertainty for the actual values of CST is that they increase with 
the amount of time the sludge is outside the reactor and allowed to cool 
(Vesilind, 1974). Ideally CST should be measured immediately the sludge is 
drawn, but in practice there was usually a delay of two or three hours before 
it was measured, so the measured CST would be higher than the 'true' value. 
CST has been criticised in that it does not measure any fundamental physical 
property of the sludge and cannot predict the efficiency of dewatering devices 
(Dentel, 1997). Chen et al. found that it gave a good indication of the 
product of solids concentration and average specific resistance but it cannot 
be directly used to find the bound water content in the sludge ( Chen et al., 
1996). 
6.2 Feed 
6.2.1 Feed characteristics 
Fresh thickened sludge was obtained weekly from the local WWTW at Wan-
lip, Leicester, and its characteristics were very variable. Sludge from this 
site had a heavy fat load, due to effiuent from a potato crisp factory. Waste 
fat was taken to the WWTW by tanker and this resulted in large lumps of 
solidified fat being present in the sludge on occasions. 
The thickness of the sludge was also very variable as shown in Figure 
6.2.1.1. This shows the thickness data for the CSTR. The ASBR data would 
be similar since it was fed sludge from the same source. 
The thickness ranged between 1.8% and 8.8%. This is a large works with 
a population equivalent > 0.5 million and is a regional treatment centre. 
Variations may have been due to rainfall or sludge imports and industrial 
wastes which contained a lot of water. The WAS is thickened by belt press 
with chemical addition, and primary sludge by gravity. 
The distribution of percentage TS is shown in Figure 6.2.1.2; the vertical 
axis is the number of data points falling within a particular range of values. 
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Figure 6.2.1.2: %TS distribution 
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500 600 
Mean 4.8 
Median 5 
MidRange 5.5 
StdDev 1.3 
Range 7 
IntQRange 1 
Table 6.2.1.1: Summary statistics for %TS 
It shows a positively skewed distribution with values concentrated at the 
lower end. The summary statistics are as shown in Table 6.2.1.1 
The MidRange is the mean of the minimum and maximum values. In-
tQRange is the interquartile range; it contains 50% of the results. 
The desirable thickness range is 3- 8% dry solids (CIWEM, 1996),with 
5 - 6% the target. The mean of 4.8% and median of 5% are close to the 
target, but the range is wide at 7% with a minimum of 1.8% and maxi-
mum of 8.8%. The predominance of low values of 1.8% was detrimental 
to average performance compared to published figures, and gas production 
is particularly sensitive to this. The Wanlip thickeners were not operating 
occasionally and at these times the sludge has been so thin as to be unus-
able. Toward the end of 2005, beginning in September the sludge thickness 
greatly increased, which coincided with large amounts of fat in the sludge. 
This fat was in the form of large lu.mps, a lot of which were sieved out, 
but there were yellow fat particles visible in the reactors, some of them pea 
sized. The increase in thickness is apparent in the bulge in Figure 6.2.1.1 at 
around day 400. 
The effect of local rainfall on sludge thickness can be examined by com-
paring sludge thickness with rainfall. Monthly rainfall data for Mountsorrel, 
approximately 10 km north of Leicester city centre was used. It is the nearest 
location with a complete rainfall record adjacent to the sewage works. The 
data were obtained from the Royal Meteorological Society monthly bulletin 
Weather Front published by the East Midlands Local Group. 
Figure 6.2.1.3 shows the result of plotting average monthly percentage 
TS against average monthly rainfall. Two rainfall measures are used, the 
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F igure 6.2.1.3: Rainfall vs %ts 
monthly total and the maximum in any 24 hour period. The latter shows 
up heavy bursts of rain. The %TS data would roughly fit the rainfall data 
if the %TS was shlfted left by about two months. This would imply that 
there is a two month delay with TS and that the TS level is proportional 
to rainfall. The long delay is implausible and the effect of rain will not 
always reduce TS although it should by diJution. It is also possible that this 
could be countered by solid material being washed into the drains by heavy 
rain, for instance in summer storms of August 2004 and August 2005. The 
data show no simple correlation between TS and rainfall. The correlation 
between the two, using the Excel CORREL function is -0.24 , whlch is too 
low to be significant. The variation in t hickness is most likely to be due to 
the intermittent operation of the thickeners and the addition of imported 
waste. 
The CSTR and the ASBR both bad the same feed , the exceptions being 
when centrate or fibre was deliberately added to the ASBR feed as part 
of the experimental programme. Figure 6.2.1.4 shows that the feeds were 
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similar although in this graph not all feeds are plotted; those with planned 
differences are omitted. 
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Feed sludge VS percentage was between 70% and 80% for the majority 
of the time with a peak of over 90% during the period of high fat content. 
This conforms well with the conventional range of 70- 80% (CIWEM, 1996). 
It does not appear to have the same variability as thickness although Figure 
6.2.1.5 follows the same general shape. The two quantities would be expected 
to be independent - thickness depends on the amount of water and VS 
depends on the composition of the sludge; in this case however there is a 
direct link between TS and fat content. 
The distribution is close to normal, as shown by the almost equal mean 
and median. It is shown in Figure 6.2.1.6, with the outliers at the high end 
of the range. The summary statistics are shown in Table 6.2.1.2. 
Calculation of VS removal was done using fractional VS, kg VS /kg feed. 
This combined sludge thickness and VS concentration to give the actual 
amount of VS in a given feed. A plot of fractional VS, Figure 6.2.1.7 shows 
more variability than %VS because of the thickness element; it now looks 
more like Figure6.2.1.1. The data support the usual design procedure that 
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Figure 6.2.1.6: %VS distribution 
Mean 77.4 
Median 77 
Mid Range 80.5 
StdDev 4.7 
Range 21 
IntQRange 6 
Table 6.2.1.2: Summary statistics for %VS 
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%VS of mixed sludge is relatively stable and that sludge thickness would be 
the best and most critical design parameter and a good indicator of likely 
gas production (CIWEM, 1996). 
The results show that the Wanlip feed had a TS content averaging 5% 
although the range was between 1.8% and 8.8%. VS had an average value 
of 77%, being between 70% and 80% most of the time, with a peak of 90%. 
6.2.2 Additives 
Another aim was to enhance settlement and separate biomass from the 
sludge by using additives which were cheap or recyclable. Four materials 
were tried, two were magnetic particles, magnetite and Miex@, which could 
easily be separated from the effluent sludge and put back into the reactor. 
It was hoped that a biofilm wbuld grow on these particles. In addition two 
sacrificial materials were tried, sawdust and paper fibre which it was hoped 
would bind the sludge particles together, to create floes which would either 
sink or float. 
Magnetic separation of the magnetic coagulation aids was performed 
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using a simple Davis tube separator. This was an inclined tube with magnets 
attached to the outside. As liquid was poured through it the magnetic 
material was left adhering to the tube above the magnets. The magnets 
were then removed and the magnetic material flushed out with water. The 
device is shown in F igure 6.2.2.1. T he magnets were powerful ex disc drive 
magnets at tached to the bottom of a thin walled plastic tube with elastic 
bands. 
Figure 6.2.2.1: Magnetic separator 
The effluent was repeatedly passed through the separator until the mag-
nets were well loaded with material. The magnets were removed and the 
separator fl ushed out. T his process was repeated until only a very small 
amount of materia l remained on the magnets after effluent had been passed 
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over them. This meant that only a very small amount of magnetic mate-
rial would have remained in the effluent. This was not so important with 
magnetite, which was inert, it was simply a matter of recycling as much as 
possible. With Miex@ it was important to remove as much as possible from 
the effluent as Miex@ has a volatile solids content which would have dis-
torted the effluent VS value. A U measurements were done after the Miex@ 
had been removed. Magnetite or ~!iex@ was added to the ASBR through 
a port on the top of the reactor. 
For the non magnetic additives a weighed amount of the substance was 
mixed with a known volume of feed sludge to give t be wanted concentration 
in g/litre. T his was used as the feed for the ASBR only. Since to some 
extent these materials were biodegradable. they bad to be in the feed in 
order to give the correct value of VS reduction. The CSTR was fed with 
plain sludge. 
Magnetite 
The addition of magnetite was started on September 19th 2005. The 
appearance of fresh magnetite at x20 magnification, in reflected light is 
shown in Figure 6.2.2.2. 
Figure 6.2.2.2: Magnetite grains 
T he particle size is given as 40 p,m in t he manufacturer 's specification. 
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The particle sizes were also measm·ed with the Malvern Mastersizer. The 
results were: 
Mean diameter 67.2 Jlm by volume 
D(O.l) 9.9 J.Lm d (0.5) 46.4 J.Lm d(0.9) 139.2 ftm 
10 f.LID magnetite was added on day 22 {April 22nd 2005) to give 2g/ l. 
The Mastersizer results for 10 J.LID magnetite were: 
Mean diameter 28.9 J.LID 
D(0.1 ) 6.7 f.LID d{0.5) 20.7 f.LID d (0.9) 66.6 Jlffi 
The particles were larger than suggested by the specification. 
Sawdust 
T his is a sacrificial med ium, as it will pass tlu·ough the reactor almost 
unchanged but is not separable from the effluent. Being wood it has a large 
lignin component so il is not biodegradable, but it would show up in VS 
mea urements. 
It was hoped that the rough surface of the wood particles would collect 
fine particles. The sawdust was added to the feed so that it would be taken 
into account in VS removal calculations; Figure 6.2.2.3 shows the appearance 
of the sawdust. 
Paper 
Brown paper was reduced to pulp with water in a blender and left to 
stand overnight to become thoroughly soaked. T he intention was to reduce 
it to ind ividual fibres as much as possible. The result is shown in Figm·e 
6.2.2.4. 
Brown paper was chosen having a high lignin content so it will not de-
grade in the reactor. lf particles become entangled in these fibres , they 
would form a mass which would either sink or fl oat. F igure 6.2.2.5 shows 
the paper fibres in the ASBR sludge. 
P aper addition started on day 345 {August 17th 2005) when one litre 
of paper pulp was added to three litres of feed sludge and one litre of this 
mixture was added to the ASBR, which amounted to 74.5g of paper. The 
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Figure 6.2.2.3: Sawdust 
Figure 6.2.2.4: Paper fibres 
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Figure 6.2.2.5: Fibrous ASBR sludge 
VS content of the paper was measured and found to be 89. 1%. So 66.4g of 
extra VS has been added , thls is non biodegradable but it will appear in 
the TS and VS measurements because it is combustible. It was added prior 
to the feed analysis rather than added separately so that it does not distort 
the VS removed value. 
Miex@ 
Miex@ is a magnetised ion exchange resin. It is in the fonn of particles 
around 180 f.Lm in diameter, with an appearance similar to Figure 6.2.2.6. 
i\l iex@ was added in steps up to 15 g/1 until October 12th 2005. The 
settled sludge volume showed no improvement over t his period; it stayed at 
98 - 100%. The Miex@ appeared io be having no effect, so it was decided 
to thin the sludge in the reactor to see if settlement could be restored to 
40 - 60% settled sludge volume. Miex@ is ionised and one possibility was 
that the very high dissolved ion content may have had an adverse effect 
on coagulation. Alternatively the very high concentration of colloidal sus-
pended solids could also be influencing Aocculation behaviour. The solids 
concentration \•las reduced by adding deoxygenated water, which was cen-
t rate from the effluent centrifuge at the municipal waste digesters at Wanlip 
STW. It was hoped that thls would restore the settlement performance, to 
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Figure 6.2.2.6: Fresh Miex@ 
give a fresh start. The TS of the centrate was 0. 7% with an average VS of 
45% which gave a VS fraction of 3gVS/ kg centrate. Centrate was added in 
volumes of either 0.5 1 of 1.0 1 which diluted the feed . For example if three 
li tres in total had been withdrawn from the ASBR then one li tre of centrate 
and two litres of feed would be added. The total VS in the feed would have 
been reduced, the actual VS of the feed would be: 
F d Vs I 
(kg VS/kg centrate x centrate vol) + (kgVSf kg feed x f eed vol) 
ee rac = ~~~~----------------~--~--~~----~----~ 
total feed vol 
(27) 
This assumes one litre of feed or centrate weighs one kg. This value 
was used as the feed fractional VS for the next feed. Its intended use is 
for removing dissolved organic carbon (DOC) from water. Chloride ions 
on the particle surface are exchanged for negatively charged DOC. This 
causes a small increase in chloride in the water {2 to 4 mg/ 1) (Watercare, 
2003).Miex@ was added to the ASBR over the period September 19th 2005 
to February l Oth 2006 (day 378 to day 522). Its concentration was raised 
from 1 g/ 1 to 20 g/ 1 during this period. The effect of Miex@ on settlement 
was observed. It was assumed that the Miex@ was biologically inactive 
so wouJd not affect any other aspect of reactor performance. Although 
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the particle diameter was given in the specification as 1 0 IJ..ID. the average 
diameter as given by the Mastersizer was 163.3 J.Lm. The size range was 
large with: 
d (O.l ) = 21.25J.Lm d(0.5) = 152.7 J.Lm d (0.9) = 314.99J.Lm 
Miex@ does have a VS content above 77%. This would cause effluent 
VS level Lo appear to be too high if the l\Iiex@ was not removed before 
measurement. All measmements. with the exception of viscosity, were done 
after removal of the Miex@ using the apparatus in Figure 6.2.2.1. 
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7 Results and Discussion 
7.1 Overview 
The operational periods for ASBR and CSTR operation were given in Table 
3.3.2.1 on page 82. The complete experimenLal period of 5 6 days was 
divided according to the feed addit ives. These divisions are shown in Table 
7.1.1. There is some overlap between additives because of t he inadvertent. 
retent ion of these supplements. T he measUJ·ements taken are described in 
Section 6. Those of most interest are the gas production and VS removal, to 
get an estimate of how well the ASBR functions compared with the CSTR. 
The other important performance indicator is settlement as this needs to 
function well for the ASBR to work effectively. 
Additive Day no 
o additive 0 - 88 
Magnetite 91 - 263 
Sawdust 301 - 329 
Paper 350- 378 
Miex@ 37 - 431 
Centrate 427- 45 
Fat 360 - 585 
Table 7.1.1: ASBR additives 
Fat was not a deliberate additive but was in the feed from an industrial 
discharge for the period shown in Table 7.1.1. The separated fat from flota-
t ion is mixed with the other sludges and fed directly to the digester. This 
is an estimate as the exact point where the high fat period started is not 
well defined. For example magneti te is shown to be present for a specific 
period, it was not removed from the ASBR at the end of this period. T his is 
because it set tled to the bott.om. so having no effect , and was not found in 
the effiuent. Sawdust and brown paper fi bres, having a large lignin content 
would biodegrade very slowly. if at alL but if their presence had any effect on 
t.he volatile solids content of t he ASBR compared with the control, it should 
be apparent in the results. The same would also apply with Miex@ resin. 
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An alternative would have been, for each adrutive, to empty the reactors 
and start again, to ensure that none of the adrutives remained. This would 
have increased the duration of the experiment or meant less materials won ld 
have been tested. The results demonstrate there was no adverse effect from 
period to period . 
An example of gas meter output is shown in F igure 7.1.1 . 
1 8 tO 11 12 13 M 15 
o...., 
F igure 7.1.1: Gas flow 
The points on the graph are at one minute intervals. T his is typical 
output from t he gas flow meters; the traces are noisy due to t heir sensitivity 
to changes in atmospheric pressure and to changes in gas pressure inside the 
reactors. 
The daily feeds are the sharp peaks visible in F igure 7.1.1. T he longer 
gaps between the peaks represent the absence of feeds at weekends. There 
is a rapid rise in gas output im mediately on feeding with a gradual faU off 
to give a sawtooth shaped curve. The curve gets shallower with t ime after 
feeding; the change in gas production is not lli1ear . This could be interpreted 
as the initial consumption of easily degradable soluble material with rapid 
gas production followed by consumption of less easily degraded material, for 
instance solids where there is a delay in them becoming biologically available. 
Cumulative gas production for each feed as shown in F igure 7.1.2. One 
feature visible in the cumulative gas production charts is the continued gas 
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Figure 7.1.2: Cumulative gas production 
production from the ASBR if the relevant lines are deliberately extended. 
For those periods for both reactors when gas production ran almost to com-
pletion , the ultimate gas production is higher in the ASBR than in the 
CSTR, for instance on day 11 in Figure 7.1.2. This suggests that the ASBR 
is more effective in breaking down the less easily degraded materials, pos-
sibly as a consequence of longer SRTs. Figure 7.1.2 can be compared with 
Figure 7.1.3. taken from the literature and assuming that gas production 
represents conversion of VS. Figure 7.1.3 shows a steep initial section fol-
lowed by a stationary section. This steep first section takes around 29 days, 
which is slow compared with the data from this experiment, for instance Fig-
ure 7.1.2 where this takes about three days (using the curve starting on day 
four) for the CSTR. For the ASBR it takes about 14 days (using the cnrve 
starting at day two). T he slopes of the lines are similar but the inflection 
point for the CSTR is sooner. Figure 7.1.3 provides a demonstration of the 
better digestibili ty of primary compared to secondary sludge, the mixture 
(at a 1:1 ratio) being intermediate (Arnaiz et al. , 2006). 
The subsequent results are separated into the time periods shown in 
Table 7 .1.1 and each of these are treated separately in t he subsections below. 
The data sets for the ASBR are fewer both during the start np and in the 
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Figw·e 7 .1.3: VS removal 
different experiments. because it was not always possible to feed the ASBR 
as frequently as the CSTR, as ettlement was poor in the ASBR which 
prevenLed decanting of the upernatant to allow a new feed. Some sample 
sizes are very small, so the results will be estimates only. 
7.2 No a dditives 
gas/ day ml CSTR ASBR 
Count 19 1 
Mean 643 .6 67 1.17 
Median 6447 64 4.5 
Mid Range 6 54 
StdDev 193 .4 2233.13 
Range 6193 6596 
lntQRange 371 4002 
Table 7.2.1: ;o additive gas/ day, ASBR as CSTR 
In the first experiments both reactors were operated as CSTRs. When 
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Figure 7.2.1: :'-Io additive gas/day, ASBR as CSTR 
operating the ASBR as a CSTR, it was expected that it would have the 
same performance characteristics as the control CSTR. Figure 7.2.1 shows 
that the daily gas output is similar and Table 7.2.1 shows that the mean 
and median values are 342 and 37 ml apart respectively. The spread is 
slightly higher for the ASBR. When the ASBR is operated as an ASBR the 
performance is worse than the control CSTR as shown in Figure 7.2.2. Table 
7.2.2 shows that the mean for the ASBR is only half that of the CSTR and 
the median is 0.35 times that of the CSTR. 
gas/day mJ CSTR ASBR 
Count 44 6 
Mean 685 .3 3437 
Median 6854.5 2423.5 
Mid.Range 7937.5 4833.5 
StdDev 22 4.44 2531.64 
Range 10569 6929 
IntQRange 33 2 1872 
Table 7.2.2: l\o additive gas / day. ASBR as ASBR 
Specific gas production (m3 / kg removed) was also slight ly lower for the 
ASBR; this is likely to be within experimental error, so the difference may 
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Figure 7.2.2: o addit ive Gas/ day, ASBR as ASBR 
not be significant. VS removal in the supernatant would be due to biodegra-
dation but removal of solids would be due to set t lement. The settled sludge 
VS removal is similar to the CSTR; t he sludge behaviour and therefore 
characteristics with both appears to be similar. Some selection of rapidly 
settling solids were anticipated in the ASBR in accordance with the litera-
tw·e on UASB reactors. The CIWEM design guide suggests 1 m3gas/ kgVS 
removed for specific gas production. The low value found may also be due to 
underload ing and ageing of the feed samples p rior to use. The design value 
is a convenient approximation; the maximwn value is given by Buswell's 
formula, which, using the formula for primary sludge due to McCarty, can 
be written as: 
C10H1903 + 4.5H20-> 6.25C~ + 3.75C02 + NH3 
This results in 0.69 m3 CH4 /kgVS r emoved (Parkin and Owen, 1986) . 
This is at STP, but at 35•c the volume wiJI be only slightly higher. It does 
not take into account the fact that not a ll VS is converted into biogas. Nei-
ther does it take into accoWlt that the sludges may have a C:N ratio greater 
than 10:1 that might be expected from mixtw·es of biomass and primary 
sludge. G ijzen gives the carbon and volatile solids conversion proportions 
as 90% to biogas, 5 - 7% as biomass a nd 3 - 5% as heat (Gijzen, 2001). 
A survey of 16 digesters around the world showed an average specific gas 
production of 0. m3 / kg VS destroyed. with a range of 0.63- 1.32 m3 / kgVS 
114 
destroyed (Barber. 2005). For the Korean night soil ASBR study the specific 
gas production was 0.23 to 0.25 m3 CH4f m3 VS fed, compared with 0.11 
m3 CIL1/ m3 VS fed for the control CSTR. For other studies on mwticipal 
sludge Lhe results were: 
0.14 m3 /kgVS added with 0.09 m3 fkgVS added for the control (Chang et al. , 
1994) 
0.28 m3 / kg VS added at HRT = 5 days and 2 day cycle; 0.23 m3 / kg VS added 
for the control 
0.14 m3 / kg VS added at HRT = 10 days and 3 and 4 day cycle: 0.09 m3 / kg VS 
added for the control (Hur et al., 1999) 
The original data use VS fed rather than VS removed; perhaps assuming 
that all the VS fed is converted, although this may not actually be happen-
ing. These values show that. the process is not as efficient as either the 
t heoretical figmes or previous experience indicate. It may be due to exper-
imental error, poor feed VS degradabiU ty or the McCa.rty sludge formula 
may not be applicable. The formula is only for primary sludge, whereas the 
municipal sludge feed is a mixture of primary and secondary sludge. There 
may also be an influence due to the high fat content resulting from industrial 
discharges. In the Korean work there may also be ammonia inhibition from 
the mine in the night soil. 
Volumetric gas production or gas production per unit volume gives an 
indication of the methanogcnic population the more bacteria in that volume, 
the more gas is produced. It is influenced by the active volume, that is how 
much of the volume is taken up by inert material, and by influencing the 
efficiency of mixing. Figure 7.2.3 shows that dw·ing the period when the 
ASBR is operated as a CSTR the values of the two sets of data overlay each 
other but during ASBR operation the ASBR values are higher. This could 
show that the long SRTs that the ASBR provides lead to a larger population 
of methanogens. which declines due to washout of poorly liocculated biomass 
,,·hen changed over to CSTR operation. 
The corresponding results for tbc Korean ASBR experiments are: 
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Figure 7.2.3: Specific gas per volume 
for night soil:-
0.59 0.64 ro3 jm3 /day with 0.29 m3 jm3 /day from the control CSTR at 10 
days HRT and cycle times ranging from 1 to 3 days {Lee et al. , 2001) 
for m1.micipal sludge:-
0.15 m3 /m3 /day with. 0.10 m3 jm3 /day for the control (Chang et al., 1994) 
0.67 m3 jm3 /day HRT = 5 days and 2 day cycle; 0.54 m3 fm3 /day for the 
control 
0.15 m3j m3j day at HRT = 10 days and 3 and 4 day cycle; 0.10 m3 j m3f day 
for the control (Hur et al., 1999) 
These are average values and are in terms of reactor volume, not liquid 
volume. The difference between the ASBR and the control are greatest 
with night soil, which is what would be expected with a higher bacterial 
concentration in the ASBR, but very similar for the municipal sludge. No 
explanation is given for thls, although it may be due to the variability of the 
feed VS whlcb ranged from 35.4% to 81.7% and possibly some protection in 
the floes from ammonia toxicity. U nfortunaLely Lhe literature search found 
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li ttle previous \vork on long SRT digestion of sewage sludge. The results 
show t.hat the conversion efficiency of t he ASBR is the same as the CSTR 
but. the bacterial activity is grealer from a smaller growth rate during ASBR 
operation which should give a higher ga.c:; production for the same reactor 
volume. 
If two reactors produce the same amount of gas, the VS removal in each 
should also be similar. Figw·e 7.2.4 shows that the VS removal for the ASBR 
is less than the CSTR even when the ASBR is operated as a CSTR. despite 
t he daily gas outputs being similar. 
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Figure 7.2.4: No additive VS removed, ASBR as CSTR 
When the ASBR is operated as an ASBR VS removal was divided be-
tween settled sludge (sl) and supernatant (s/n). VS removal in this case 
is shown in Figure 7.2.5. VS removal from the supernatant should be high 
as there should be very little solid material in the supernatant after the 
settlement stage. 
Table 7.2.3 shows that the VS removal from the supernatant is actually 
similar to that from the settled sludge. T his is due to poor settlement in the 
ASBR which meant that there were high levels of solids in the supernatant. 
The settlement performance is indicated by Figure 7.2.6 The ratio of the 
height of the settled solid to the total height of the liquid in the reactor 
is given as a percentage. The trend li ne shows that settlement deteriorated 
with time, the lowest sludge level being 64.5% and the highest being 90.2%. 
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Figure 7.2.5: o additive VS removed, ASBR as ASBR 
VS rem % CSTR ASBR s/n ASBR sl 
Count 13 6 
Mean 51.9 76.9 72.5 
Median 53.9 7.7 72.0 
Mid Range 48.9 65.9 70.25 
StdDev .5 20.4 8.2 
Range 29.4 55.4 22.1 
IntQRange 11.7 2 .7 11 
Table 7.2 .3: No additive VS removed, ASBR as ASBR 
11 
The additives described in the followi11g sections were used to attempt to 
improve on tills solids settlement. 
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Figure 7.2.6: No add itive ASBR Settled sludge level 
Ripley's Ratio (RR) was measured as an indication of stability rather 
than alka.linity. Results for RR with t he ASDR operated as a CSTR are 
shown in Table 7.2.4. 
RR CSTR ASBR 
Count 9 3 
Mean 0.30 0.34 
Median 0.30 0.34 
Mid Range 0.30 0.34 
StdDev 0.03 0.04 
Range 0.09 0.08 
IntQRange 0.04 0.06 
Table 7.2.4: No additive Ripley's Ratio, ASBR as CSTR 
'~'i tb the ASBR as CSTR, Ripley's Ratio for the ASBR is Wgher than 
for the CSTR; both median and mean are 0.04 higher. There are only three 
samples for the ASBR. so t.bis difference may not be sufficiently accurate to 
draw any conclusions. The spread i the same. For ASBR operation .sbown 
in Table 7.2.5 the mean and median arc witltin 0.02 and 0.01 , although there 
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is a greater spread in this situation. 
RR CSTR ASBR 
COlU'lt. 24 5 
Mean 0.33 0.35 
Median 0.32 0.31 
MidRange 0.34 0.3 
StdDev 0.03 0.09 
Range 0.12 0.21 
IntQRange 0.02 0.11 
Table 7.2.5: 'o additive llipley's Ratio. ASBR as ASBR 
To summarise the data the performance of the CSTR was better in terms 
of both gas production and volatile solids removal. When the ASBR was 
initially operated as a CSTR for a steady state period then it s performance 
was similar to the other control CSTR. In a second period the performance 
was not as good. It was not po sible to reproduce the superior ASBR per-
formance reported in the literature. The main problem was the effectiveness 
of settlement. If good settlement was achieved in the ASBR then perfor-
mance was better but sett lemenL deteriorated with time and subsequent 
experiments investigated methods to improve settlement. 
7.3 Magnetite 
The magnetite was too heavy for the mixer to keep all of it in suspension; 
only a proportion of the magnetite could be kept in suspension so its effect 
would have been limited. It was hoped that a biofilm would grow on the 
magnetite particles, so improving fiocculation and recycling the magnetite 
would increase the amount of biomass in the reactor , and this would have 
an effect on gas production. Gas production is compared in Figw·e 7.3.1 
and Figure 7.3.2. 
Figure 7.3.1 and Table 7.3.1 show that the gas production is the same 
when the ASBR was operated as a CSTR Mean gas production was 6501 
ml for the CSTR and 6935 ml for the ASBR, a t- test showing no significant 
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Figure 7.3.1: 1\llag:netite gas/ day, ASBR as CSTR 
gas/ day rnl CSTR ASBR 
Count 65 65 
Mean 6501.49 6934.72 
Median 5866 6610 
l\I idRange 7215.5 8299 
StdDev 2469.39 2799.21 
Range 9553 10838 
IntQRange 3 06.75 4299.5 
Table 7.3.1: Magnetite gas/ day, ASBR as CSTR 
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Figure 7.3.2: Magnetite gas/day. ASBR as ASBR 
gas/ day ml CSTR ASBR 
Count 2 5 
Mean 6417.86 3707.2 
Median 60 4 4102 
MidRange 6959 337 
StdDev 2 95.7 1511.79 
Range 9996 3 2 
IntQRange 43 6 2215.5 
Table 7.3.2: Magnetite gas/day, ASBR as ASBR 
When the ASBR was operated as an ASBR. mean gas production was 
641 ml for the CSTR and 3707 ml for the ASBR (Table 7.3.2). The ASBR 
output was 5 % of the CSTR output. This is compared with 50% of the 
control performance for no additives. The implication, taking into account 
variabili ty. is that the magnetite was not having any significant effect on gas 
production. Despite this the specific gas (m3 / kgVSremoved) is higher for 
the ASBR than the CSTR (Figure 7.3.4). 
122 
1.00 
0 
0 .75 
0 .50 
0 .25 
0 
m3il<gVSrem CS T R ASBR 
Figure 7.3.3: Magnetite speci£c gas. ASBR as CSTR 
Table 7.3.3 shows that the specific gas values for both reactors were 
similar. 
sp gas m3 / kgVSrem CSTR ASBR 
Count 14 14 
Mean 0.42 0.42 
Median 0.36 0.42 
MidRange 0.45 0.51 
Std.Dev 0.17 0.19 
Range 0.47 0.6 
IntQRange 0.3 0.19 
Table 7.3.3: Magnetite specific gas, ASBR as CSTR 
Table 7.3.3 and Figure 7.3.3 compare specific gas for the ASBR operated 
as a CSTR. The means are equal with a higher median for the ASBR. 
When the ASBR was operated as a ASBR the speci£c gas was higher 
for the ASBR, as shown in Figure 7.3.4 and Table 7.3.4. The mean and 
median arc 0.07 m3 / kgVSrem greater for the ASBR. The apparent increase 
in specific gas does not fit with the reduction in dai ly gas output: it hould 
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Figw·e 7 .3.4: l\fagnetite specific gas. ASBR as ASBR 
sp gas m3 f kgVSrcm CSTR ASBR 
Count 6 6 
Mean 0.29 0.32 
Median 0.24 0.31 
l\llidRange 0.34 0.3 
Std.Dev 0.10 0.14 
Range 0.25 0.44 
IntQRange 0.09 0.11 
Table 7.3.4: Magnetite specific gas. ASBR as ASBR 
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also be decreased for the results to be consistent. 
The major objective of magnetite addition was to see if it would improve 
settlement but it had no obvious effect; settlement behaviour worsened dur-
ing the period (Figure 7.3.5), going from 48% to 78%. 
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Figure 7.3.5: Settled sludge level with magnetite 
To make magnetite more usable, an attempt was made to encapsulate 
magnetite particles in PVA. This would have made it more buoyant while 
still keeping its quiescent settlement properties. 
PVA (polyvinyl alcohol) has been used experimentally for cell immobil-
isation. The cells are incorporated into a medium which is porous enough 
to allow nutrients to reach the cells and to allow waste products to escape. 
Various methods have been tried to create gels using PVA but the simplest 
and cheapest is to mix the PVA solution with boric acid to produce a rub-
ber like gel. This technique has been used to immobilise phenol degrading 
bacteria in beads which were used in a 8 litre fluidised bed reactor (Wu 
and Wisecarver, 1992). Here it was found that the PVA beads would stick 
together to form clumps which made their use in a fluidised bed impractical. 
This was overcome by adding sodium alginate solution to the PVA solution 
in a molar ratio, in this case 12.5:1 PVA to alginate. Phenol removal due to 
biodegradation was increased, showing that the bacteria could survive being 
encapsulated in this way. 
Activated sludge has also been encapsulated using this method (Hashimoto 
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and Furukawa, 1987). The bacteria could endure exposure to the boric acid 
and the encapsulation process because ECP secretions protected them. The 
beads were capable of removing up to 93% TOC consistently with a loading 
of 0.5 to 2.35 gTOC /1/ day. The beads were not degraded over the long 
term. 
PVA has also been used to encapsulate methanogens (Hanaki et al., 
1994), to try to protect them from low pH and toxic substances. The ex-
periments showed that the encapsulated bacteria could better withstand ex-
posure to low pH, phenol, long chain fatty acids, heavy metals, propionate 
and sulphide than free bacteria. 
These experiments show that bacteria, including anaerobic bacteria, can 
be encapsulated using PVA. Therefore in this research attempts were made 
to incorporate magnetite into the beads to enable them to be magnetically 
separated from the sludge. 
Magnetite was mixed with melted PVA which was dripped into boric 
acid to form globules. This did not work out as well as expected; the PVA 
had to be kept hot and was not easy to handle as it was very sticky. The 
PVA solution was dripped into the acid with a pipette. Other investigators 
had used a peristaltic pump connected to a needle to produce small droplets. 
The possibility of the PVA cooling and solidifying in the tubing made this 
method unattractive for these preliminary experiments. The beads produced 
would stick together, and would fuse together into a solid mass if the acid 
was not stirred regularly. Those that stuck together were separated by hand, 
but were rather misshapen. The result is shown in Figure 7.3.6. 
Very few beads were made and the idea was abandoned as impractical. 
Miex@ (section 7.6) was a more attractive commercial alternative. 
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Figure 7.3.6: PVA beads 
7.4 Sawdust 
In the third experiment sawdust was added to improve settlement , but it 
could also have increased gas production , as it wouJd contain some degrad-
able volatile solids. 
35g of sawdust was fi rst added to the ASBR on day 305 (July th 2005). 
There had been no settlement on this date. Previously there had been partial 
settlement, with 88% volume settled sludge on July 4th. It was hoped t hat 
t he sawdust would improve this. On the next draw and fill on day 311 (July 
14th) there was still no settlement at all. This time an additional 47.4g of 
sawdust was added to t he reactor. At the next draw and fill on J uly 19th 
t here bad been no settlement again but another 47.2g of sawdust was added . 
The VS of the sawdust was measured at 98.4%. T he next draw and fill was 
on day 322 (July 25th); there was no settlement again. This time a further 
47.9g of sawdust was added. On t he next draw and fill, there had been no 
settlement so sawdust addition was discontinued. A total of 180g of sawdust 
had been added to a total soUds inventory of 45g. Table 7.4.1 summarises 
the resul ts. 
Daily gas output is shown in Table 7.4.2. A boxplot is not given because 
the low number of ASBR samples that were possible due to poor settlement. 
T he table shows t hat there were only two gas volume values for the ASBR, 
which may be too few to give a reliable estimate. It does imply that the gas 
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Date Feed vol ml Sawdust g Set sl vol% s/n TS sl TS s/n SS 
8/07/05 2632 35.0 96.7 17.5 25.0 
14/07/05 3383 47.4 96.7 37.5 39.3 28.00 
19/07/05 3144 47.2 96.7 41.9 41.3 11.00 
25/07/05 3193 47.9 96.7 40.7 40.0 23.70 
1/08/05 3237 - 98.6 41.7 35.0 23.60 
Table 7.4.1: Results of sawdust addition 
output from the ASBR was lower than that from the CSTR, following the 
same pattern as with the experiments with no additives and the magnetite. 
ml CSTR ASBR 
Count 17 2 
Mean 3919.29 2749 
Median 3610 2749 
Mid Range 4367 2749 
StdDev 1471.88 308.30 
Range 5948 436 
IntQRange 1614.25 436 
Table 7.4.2: Sawdust gas/day, ASBR as ASBR 
Again the specific gas for the ASBR is higher than the specific gas for the 
CSTR. The difference is noticeable, the ASBR mean being 1.35 m3 /kgVSrem 
greater than the CSTR, implying a lower microbial growth rate in the ASBR 
or less retention of inert biomass. 
Ripley's Ratio was similar for both reactors with a median value of 0.4 
suggesting both reactors were stable and that if growth rate was lower in the 
ASBR. The range was larger for the ASBR, the standard deviation being 
45% greater and the interquartile range being 58% greater. 
Sawdust had no apparent effect on settlement, as Figure 7.4.2 shows. In 
fact no settlement took place during this period. Settlement was worse than 
either of the two previous experiments. 
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Figure 7.4.1: Sawdust specific gas, ASBR as ASBR 
sp gas m3 jkgVSrem CSTR ASBR 
Count 20 5 
Mean 0.45 1.80 
Median 0.4 1.63 
MidRange 0.62 1.79 
StdDev 0.19 0.71 
Range 0.76 1.72 
IntQRange 0.21 1.19 
Table 7.4.3: Sawdust specific gas, ASBR as ASBR 
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RR CSTR ASBR 
Count 7 5 
Mean 0.40 0.48 
Median 0.4 0.42 
Mid Range 0.39 0.53 
StdDev 0.05 0.11 
Range 0.13 0.28 
IntQRange 0.07 0.12 
Table 7.4.4: Sawdust Rlpley's Ratio, ASBR as ASBR 
,.,.,------------------, 
... +---------------~---i 
oo•t-------------------j 
~·+------------------~ 
,,.+------------------~ 
~~-----------------~ 
... t--~----------------i 
I 
... ~~~-~-~--~--------~ 
- - - - .. - - - -o.,. 
Figure 7.4.2: Settled sludge level with sawdust 
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7.5 Paper 
There are too few data points for the ASBR to create a boxplot; gas pro-
duction statistics for the CSTR and ASBR are shown in Table 7.5.1. In 
fact only three results were possible during a steady state period of ASBR 
operation. 
m! CSTR ASBR 
Count 19 3 
Mean 10052.1 6920 
Median 11115 6900 
MidRange 9076 6930 
StdDev 3236.73 596.25 
Range 9772 1192 
IntQRange 6231 894 
Table 7.5.1: Paper gas/day, ASBR as ASBR 
The total gas yields are greater in both the control and the ASBR and 
the normalised gas production is similar to both the previous experiments. 
Statistics for specific gas production are shown in Table 7.5.2. 
sp gas m3 /kgVSrem CSTR ASBR 
Count 19 3 
Mean 10052.1 6920 
Median 11115 6900 
Mid Range 9076 6930 
StdDev 3236.73 596.25 
Range 9772 1192 
IntQRange 6231 894 
Table 7.5.2: Paper gas/day, ASBR as ASBR 
Settled sludge volume never fell below 98.5% and the paper addition had 
no noticeable effect on settlement. 
Alkalinity is shown in Table 7.5.3. At-test shows no significant difference 
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RR CSTR ASBR 
Count 8 5 
Mean 5016.88 4972.4 
Median 5120.5 5000 
MidRange 4980 4926.5 
StdDev 590.61 441.19 
Range 1728 1191 
IntQRange 761 562.5 
Table 7.5.3: Paper alkalinity, ASBR as ASBR 
between the means. The spread is smaller for the ASBR, on this occasion 
reversing the last. experiment so significance is attached to this result. 
RR CSTR ASBR 
Count 8 5 
Mean 0.41 0.37 
Median 0.38 0.36 
MidRange 0.44 0.4 
StdDev 0.11 0.07 
Rap.ge 0.28 0.18 
IntQRange 0.18 0.07 
Table 7.5.4: Paper RR, ASBR as ASBR 
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7.6 Miex@ 
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Figure 7.6.1: Miex@ gas/day, ASBR as ASBR 
rnl CSTR ASBR 
Count 21 7 
Mean 11791.1 7974.57 
Median 11698 7092 
Mid Range 11413 10925.5 
StdDev 4103.63 3959.81 
Range 15706 11569 
IntQRange 4733.5 1649.25 
Table 7.6.1: Miex@ gas/day, ASBR as ASBR 
In this experiment Miex@ was added to improve settlement. It was as-
sumed to be strongly polar and likely to act as a coagulant for organic mat-
ter. The accumulative gas production shown in Figure 7.6.1 shows the same 
pattern as previous experiments with lower overall gas production because 
of the lower loads. VS removal for the ASBR appeared to be slightly higher 
than for the CSTR, as shown in Table 7.6.3. Removals for supernatant and 
sludge were similar, there being no significant difference according to a t-
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Figure 7.6.2: Miex@ specific gas, ASBR as ASBR 
sp gas m3 /kgVSrem CSTR ASBR 
Count 3 4 
Mean 0.43 0.31 
Median 0.41 0.35 
MidRange 0.44 0.27 
StdDev 0.12 0.08 
Range 0.24 0.17 
IntQRange 0.18 0.09 
Table 7.6.2: Miex@ specific gas, ASBR as ASBR 
134 
test. This would have been due to sludge and supernataut being of similar 
composition due to lack of settlement. 
On this occasion specific gas production was also lower than the control 
possibly indicating for the first time less growth or retention in the ASBR. 
% CSTR ASBR s/n ASBRsl 
Count 3 5 5 
M eau 39.18 44.73 45.71 
Median 43.09 44.88 52.68 
MidRauge 37.22 42.25 39.08 
StdDev 12.34 8.62 15.61 
Rauge 23.73 22 39.66 
IntQRange 17.80 11.45 15.88 
Table 7.6.3: Miex@ VS rem, ASBR as ASBR 
No settlement took place, and settled sludge volume was always above 
98.5%. After it has been in the reactor for some time the Miex@ turned 
dark grey as shown in Figure 7.6.3. The way that the particles formed chains 
is also visible. It is not clear from the picture whether the grey colour is due 
to a film on. the Miex@ particles or if they have changed colour, perhaps 
due to adsorption of iron sulphide. There appears to be no visible thick 
biofilm on the particles, but there is not enough magnification to be certain; 
an electron micrograph would be needed to see if any individual cells are 
present. 
The Miex@ did no~ settle but stayed distributed throughout the sludge 
in the ASBR. Although the sludge thickness in the ASBR was not high, in 
the 2 to 2.5% TS rauge, the Miex@particles were still unable to move easily 
through the sludge blauket. The Miex@ did not contribute to settlement 
possibly because there was not a high enough concentration. The particles 
may need to be close together for the 'sweep floc' effect to take place. This 
may mean that the particle density would be so high that the Miex@ would 
take up too much reactor volume, excessively reducing the active volume. If 
the Miex@ particles carried a biofilm, this may not be a problem. Predicting 
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Figure 7.6.3: Used Miex@ 
anaerobic d igester mixing, settleability or flotation has been shown by t his 
research to be very complex. 
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7.7 Centrate 
This was added to the ASBR in an attempt to dilute the solids contents and 
so promote better settlement by reducing viscous drag. 
2EIEIEIEI 
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0 
ml CSTR ASBR 
Figure 7.7.1: Centrate gas/day, ASBR as ASBR 
m! CSTR ASBR 
Count 24 7 
Mean 10225.8 4636.29 
Median 10206.5 4671 
MidRange 10994.5 4119 
StdDev 2889.71 1383.28 
Range 11693 4210 
IntQRange 4078 1441.75 
Table 7.7.1: Centrate gas/day, ASBR as ASBR 
Gas production from the ASBR was lower than the control as expected 
from previous experiments and specific gas production was also lower on 
common with the Miex@ experiment. If better mixing and less volatile 
solids retention were the explanation for differences between the two reactors 
then dilution should have improved this even more. This was not the case 
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Figure 7.7.2: Centrate specific gas, ASBR operated as ASBR 
sp gas m3 /kgVSrem CSTR ASBR 
Count 6 7 
Mean 0.55 0.24 
Median 0.52 0.24 
MidRange 0.59 0.25 
StdDev 0.13 0.07 
Range 0.38 0.21 
IntQRange 0.12 0.08 
Table 7.7.2: Centrate specific gas, ASBR as ASBR 
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and so implied more microbial growth. This needs further research. The 
use of centrate does appear to have had a positive effect on settlement, as 
shown in Figure 7.7.3. 
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Figure 7.7.3: Settled sludge level with centrate 
The settled sludge level fell from 100% to 68.5% over the period shown. 
This improvement in settlement would be due to the addition of the centrate 
and not to the presence of Miex@. 
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7.8 Fat 
The uncontrolled fat additions overlapped the addition' of Miex@ and cen-
trate experiments. It was in the feed and there was no possibility of exclud-
ing it or controlling the amount without changing the source of sludge. The 
effect of the fat would be greater than any effect due to the additives. 
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Figure 7.8.1: Fat gas/day, ASBR as ASBR 
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Figure 7 .8.2: Fat specific gas, ASBR as ASBR 
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% CSTR ASBRs/n ASBR si 
Count 27 27 27 
Mean 51.04 64.10 45.73 
Median 49.09 65.38 52.25 
MidRange 49.07 44.54 38.53 
StdDev 10.07 24.09 20.08 
Range 47.42 100.59 75.42 
IntQRange 11.55 32.20 . 24.1 
Table 7.8.1: Fat VS rem, ASBR as ASBR 
% CSTR ASBR 
Count 3 3 
Mean 56.99 55.35 
Median 52.16 52.62 
MidRange 59.40 56.71 
StdDev 12.26 13.52 
Range 23.05 26.62 
IntQRange 17.29 19.96 
Table 7.8.2: Fat VS rem, ASBR as CSTR 
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Figure 7.8.3: Fat, settled sludge level 
7.9 ASBR Sludge Thickening 
• • 
• • 
• 
.,, 
Thickening is crucial for ASBR operation, so sludge volume was measured 
after each thicken stage of the ASBR cycle. It was hoped that the thickened 
sludge would float, according to the Korean experience. There was no flota-
tion, but settlement did take place intermittently and unreliably. A hint of 
flotation was found toward the end of the experiment, when no settlement 
occurred but the solids density in the upper part of the reactor was slightly 
greater than that in the lower part. 
Settled sludge behaviour is shown in Figure 7.9.1. The settled sludge 
volume is the fraction of liquid volume occupied by settled sludge. Thickened 
sludge volume was found to increase over time until it reached 100%, that 
is, no thickening. ASBR operation started with a settled sludge volume of 
73% which decreased to 66% before beginning to increase. When 'thickening 
failed the ASBR was changed to CSTR operation to attempt to restore 
the settlement behaviour. It was thought that this would thin the sludge. 
This happened from day 66 to 183 (November 11th 2004 to March 8th 
2005), when ASBR operation restarted. Settled sludge volume went down 
to 48%. This increased to over 90% again and CSTR operation restarted 
on day 260 (May 24th 2005), continuing until day 274 (June 7th 2005). 
ASBR operation restarted with a settled sludge volume of 65%. Again the 
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Figure 7.9.1: Settled sludge volume 
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settled sludge volume rose toward 100%. There were shorter periods of 
CSTR operation during holidays and when hardware faults occurred. Thus 
the thickening behaviour was poor and unreliable, and unless it could be 
made to work the ASBR would not be viable in this application. It was 
hoped that the sludge would settle to 60% of volume or less allowing a 
draw volume of up to 40However, what influences the thickening behaviour? 
·Candidates are TS and SS, suspended solids, thicken time, cycle time and gas 
production. It may also be affected by quantities not measured, such as feed 
sludge composition and trace metals concentrations. In the following charts, 
percentage sludge volume is plotted against some of the above quantities to 
see if there are any obvious correlations. 
Cycle time and thicken time may have an effect on settlement. A long 
cycle time means that gas production would be low at the start of the thicken 
stage, and so settlement would be less disturbed by gas bubbles. Settled 
sludge volume was plotted against cycle time in Figure 7.9.2 and this shows 
no correlation between the two. The points form vertical bands marking 
the various cycle times used, around five, six and seven days. Figure 7.9.3 
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Figure 7.9.2: Cycle time 
250 300 
1oo% -·-·----·--··-·----·-+·-------·---··r·------- !..,-----------, 
.. 
90% t--------------'-:-t~-----~-;.:--------1 
80% 
70% 
80% 
50% 
40% 
30% 
20% 
10% 
0% 
0 10 
.. 
30 40 
. 
. ,. 
50 
Thicken tlmt h 
• 
. . 
60 70 
Figure 7.9.3: Thicken time 
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80 90 100 
shows the effect of thicken time. If thickening time is longer, settled sludge 
volume would be smaller as more settlement would have taken place in the 
longer time. This did not seem to be happening as Figure 7.9.3 just shows 
vertical bands again corresponding to one, two and three days. 
It may have been possible that a thick feed might have influenced set-
tlement, but the solids content would be reduced during the react cycle due 
to solids destruction, so reducing or removing any relation between feed TS 
and settlement. The effect of TS is small, as the correlation between settled 
sludge volume and feed TS is 0.37. 
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Figure 7.9.4: ASBR s/n SS 
Solids content in the sludge and supernatant should influence settle-
ment, as thick sludges should not settle as readily as thinner ones, because 
the closely packed particles would hlnder each other and prevent easy move-
ment through the liquid. Figure 7.9.4 and Figure 7.9.5 show that there 
appears to be a relationship between settled sludge volume and supernatant 
TS and SS. They both trace out curves which look similar in both figures, 
and which look roughly exponential. Estimating from the graphs, no settle-
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Figure 7.9.5: ASBR s/n TS 
ment occurs at 15-20 g/1 SS and 20- 25 g/1 TS. Settlement to.40- 60% 
would need supernatant solids of 5% or less. The slope in this region is very 
steep - a small increase in solids concentration gave a rapid increase in set-
tled sludge volume. There are not enough measurements to be able to plot 
sludge TS and SS. There are not a lot of data on anaerobic settlement from 
previous investigations. For the Korean night soil it was stated that there 
was a thickened sludge value of 50% from the original volume in 12 hours 
when react time was three times the thicken time and in 16 hours when the 
react time equalled the thicken time (Lee et al., 2001). For municipal sludge 
digestion with flotation the thickened sludge volume was: 
62.7- 79.3% for 3 day HRT 
55-85% for 10 day HRT and 3 day cycle 
63- 75% for 10 day HRT and 4 day cycle ((Hur et al., 1999)) 
At the end of the thicken period the sludge blanket was 50 - 80% of the 
reactor working volume, with an average of 70% for the 3 day cycle and 69% 
146 
for the 4 day cycle (Chang et al. , 1994).These results show that thickening 
behaviour was variable, ranging from 50% to 85% settled sludge volume. 
It suggests that the process is not always very efficient . one of the other 
ASBR investigations mentioned sludge settlement. T he minimum settled 
sludge volume obtained in this investigation is 48% which is slight ly better 
t han those reported above. 
7.10 Particle size 
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Figure 7 . LO .1: Average particle diameter 
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Particle size was not measured for the whole duration of t he research; the 
averages of the measmements t hat were made are shown in Figure 7.10.1. 
A full summary is given in Table 7.10.1. The majori ty of the points are 
clustered in the 60 to 80 JJ-ffi range which would be expected to give good 
settlement, according to estimates using Stokes' Law (equation 29) . The 
outliers are supernatant points. in the range 40 to 12 JJ-ln. The settled sludge 
volumes at these points vary between 57 and 82%. The period with the small 
supernatant particle sizes also gives variable sludge settlement performance. 
Thjs period corresponds with the addition of centrate (section 7.7) , which 
was added from day 427 to day 557 (November 7th 2005 to March 17th 2006). 
T he centrate diluted the sludge, and it may be thls that is responsible for 
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the smaller particle size in the supernatarit, as the larger particles have been 
able to settle more effectively, being subject to less hindrance. Table 7.10.1 
shows how similar the mean values are for the CSTR and ASBR sludge; this 
is a consequence of poor settlement when the ASBR is behaving similarly 
to the CSTR. The spread is greater for supernatant than for settled sludge. 
This may be because there are fewer small particles in the settled sludge, 
these tending to stay in the supernatant. 
Jlm CSTR ASBR s/n ASBR si 
Mean 74 62 73 
Median 74 68 74 
MidRange 80 61 68 
StdDev 9 23 7 
Range 39 98 28 
IntQRange 10 16 9 
Table 7.10.1: Particle size summary statistics 
7.11 Viscosity 
Measurements were made on CSTR eflluent and ASBR settled sludge and 
supernatant. Some additional measurements were made on CSTR mixed 
efl!uent to see how viscosity varies with temperature and spindle speed. An 
example of these data, taken on day 389 (September 30th 2005) are given in 
Table 7.11.1. There is some variation in temperature but only the 100 rpm 
value is significantly lower than the others. 
rpm mPas ·c 
30 196 26.6 
50 134.4 26.2 
60 114 25.7 
100 89.6 22.4 
Table 7.11.1: Viscosity measurements 
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Despite this, the fit shown in Figure 7.11.1 is good (R2 = 0.98). 
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Figure 7.11.1: Viscosity versus speed 
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, The graph shows that viscosity falls as rotational speed increases. This 
suggests that the sludge is pseudo plastic, falling between plastic and New-
tonian fluids. In this type of fluid a minimum force, the yield stress, needs 
to be applied before the fluid starts moving. Sludge has been found to fit the 
Bingham and Herschel-Bulkley models well (Dentel, 1997; Monteiro, 1997). 
These are described by equations of the form shown in Equation 28. 
T = shear stress 
To = yield stress 
'f/p = plastic viscosity 
T =To+ 'f/p(dvjdy)n 
dvjdy =velocity gradient or shear rate 
n = a number less than or equal to one. 
(28) 
The horizontal axis was in rpm rather than shear stress, because there 
was no direct measurement of shear stress, however rpm is proportional 
to shear stress so it is equivalent. The equations to calculate shear stress 
and strain from spindle dimensions also need torque values, but only the 
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rotational speed was measured. The variation of viscosity with time is shown 
in Figure 7.11.2. It used CSTR effluent taken on August 31st 2005 with 
standardised spindle and speed (spindle 2 at 30 rpm). The start temperature 
was 24.4'0 and readings were taken every minute for 28 minutes. 
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Figure 7.11.2: CSTR viscosity 
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The viscosity declined with time, which is evidence of a thixotropic re-
sponse, a change in the sludge structure due to stirring. This may be indica-
tive of some polymer or structural breakdown. Temperature will also decline 
to room temperature during the experiment and this would cause the vis-
cosity to increase, so it appears that two opposing processes are happening 
with the thixotropic effect the greater. 
Measurements of viscosity against temperature were repeated with cool-
ing the sample rapidly with cold water. Again CSTR effluent (March 13th 
2006) was used with spindle number two and a speed of 100 rpm to produce 
Figure 7.11.3. 
This shows a linear reduction of viscosity with temperature, which is 
predicted by basic theory. The results of viscosity measurements are shown 
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Figure 7.11.3: CSTR viscosity versus temperature 
in Table 7.11.4 and summarised graphically in Figure 7.11.5. 
Data before 430 days appear to be more random than afterwards. This 
may be due to changes in the feed sludge, particularly the thicker sludge 
toward the end of two years operation and also due to improving technique 
in using the viscometer (for instance keeping the samples at almost constant 
temperature). In general however the CSTR effluent had a higher overall 
viscosity than the ASBR effluents. The CSTR also followed a defined curve, 
in sympathy with the solids characteristics of the feed, whilst the ASBR 
data were more variable. The CSTR viscosity may have been tracking the 
feed sludge and solids characteristics more closely than the ASBR with its 
lower feeding frequency. 
The key feed sludge characteristics suggested to influence viscosity were 
therefore plotted in Figure 7.11.6, Figure 7.11.7 and Figure 7.11.8. 
Slatter (Slatter, 1997) showed how various rheological parameters were 
correlated with total solids, and the same thing was done for TSS by Mori 
et al. (Mori et al., 2006). These show that viscosity is obviously influenced 
by solids concentrations and Figure 7.11.6, Figure 7.11.7 and Figure 7.11.8 
confirm this. The ASBR data have a good fit, R2 = 0.94 for the supernatant 
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Figure 7.11 .5: CSTR viscosity versus time 
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Figure 7.11.6: Viscosity versus CSTR total solids 
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Figure 7.11.7: Viscosity versus ASBR sludge total solids 
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Figure 7.11.8: Viscosity versus ASBR s/n total solids 
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and R2 = 0.60 for the sludge. There is no apparent fit for the CSTR data, 
although it would be better if the outliers were ignored; this could be due to 
variations in the feed and the larger variation in sludge characteristics seen 
because of more frequent feeding. 
There is no strong correlation between VS and viscosity; the correlations 
are shown in Table 7.11.2. 
CSTR VS ASBR VS 
CSTR visc. 0.26 
ASBR visc. 0.28 
Table 7.11.2: Viscosity correlations 
Plotting viscosity against median particle size results in Figure 7.11.9, 
Figure 7.11.10 and Figure 7 .11.11. In all cases there is a cluster of points 
in the 40 - 50 p,m and 50 - 100 mPas range but they are randomly clus-
tered, and there appears to be no obvious relation between particle size 
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Figure 7.11.9: Viscosity versus CSTR particle size 
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Figure 7.11.10: Viscosity versus ASBR sludge particle size 
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Figure 7.11.11: Viscosity versus ASBR sjn particle size 
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and viscosity, although there is a hint of an exponential curve in the ASBR 
graphs. If this is so it implies that the viscosity increased rapidly with parti-
cle size. This may be misleading as the sludge is a mixture of particles with 
a much broader range of sizes than indicated. Again the CSTR points are 
more randomly distributed, which may be due to the variation introduced 
by more frequent feeding. The viscosities themselves are in similar ranges 
in all cases with the main cluster in the 50 - 100 mPas range. The ASBR 
and CSTR sludges may be expected to have similar viscosities, although the 
ASBR sludge would be expected to be thicker. The fact that it is lower is 
most likely to be due to poor settlement, with more solids being retained in 
the supernatant. Table 7.11.3 gives the correlations bet:;veen viscosity and 
median particle size. 
Both sludges have a similar value, which also suggests that the ASBR and 
CSTR sludges are similar in composition. These correlations are for particle 
size, which again might be misleading, as viscosity may be more correlated 
with particle size distribution, which affects packing density (Slatter, 1997). 
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CSTRps ASBR sjn ps ASBR sips 
CSTR visc. 0.47 
ASBR sjn visc. 0.64 
ASBR si visc. 0.49 
Table 7.11.3: Viscosity correlations 
Small particles will fill the voids between larger particles which would lock 
the particles together and reduce their ability to move relative to each other. 
This increases viscosity, but is counteracted by irregularity in the shapes 
of the particles, which prevent them fitting closely together. In flocculent 
suspensions floes are less dense in the water column, so viscosity is less and 
movement is easier. The packing density has implications for settlement, if 
the movement of particles is restricted. 
The ASBR has been shown by other investigators to be superior to the 
CSTR in solids destruction and gas production, but its successful opera-
tion depends on effective solids settlement inside the reactor. With sewage 
sludge, as used in these experiments, the settlement behaviour has been 
shown to be ineffective. Initial good settlement rapidly declines to no set-
tlement at all. There appears to be no overall flocculation, so the sludge in 
the reactor consists of a suspension of individual particles. 
For a simple suspension each particle is under the influence of gravity 
which at the same time is counteracted by a drag force. This is summed up 
by Stokes' law which related terminal velocity to the particle diameter and 
the viscosity of the liquid medium as shown in Equation 29. 
Vi = terminal velocity (mjs) 
g = acceleration due to gravity (mjs2) 
d =particle diameter (m) 
Pp = density of particle (kgjm3) 
Pm = density of medium (kgjm3) 
11 =viscosity of medium (Pas) (Metcalf and Eddy, 2003) 
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(29) 
This formula assumes spherical particles and laminar flow. The parti-
cles in sludge cannot be assumed to be spherical. During the thicken stage 
of the ASBR the liquid is stationary - there is no turbulence. Any turbu-
lence would be due to convection currents or gas bubbles. Departure from 
sphericity and any turbulence would mean that the formula would only give 
an approximate result. The velocity depends directly on the difference be-
tween the densities of the particle and medium, and directly on the square 
of the particle diameter, and inversely with the viscosity. The particle sizes 
mean values of 62- 75 J.Lm mean that d2 would be around 3.6 x 10-9• The 
specific gravity of sludge was taken to be 1.02, from (Metcalf and Eddy, 
2003), only slightly higher than water, so pp- Pm would be very close to 
zero. The result would be that the terminal velocity would itself be almost 
zero, and there would be negligible settlement. Using these values and a 
viscosity of 100 mPas would give a terminal velocity of 0.4 x 10-3 Jlrn/h, 
which is to all intents and purposes stationary. Another example, using a 
viscosity of 1310 mPas and Pp- Pm = 0.45 with a particle diameter of 50 I'll 
gave a terminal velocity of 470 Jlm/s (Robinson et al., 2006). Flocculation 
would create aggregates of particles which behave as much larger particles, 
increasing both d and p and so increasing Vt but this does not happen. The 
sludge specific gravity quoted is an average, as sludge is a mixture of parti-
cles of different sizes and compositions, and the average is very close to the 
density of water. These would include organic materials which may have 
a density smaller than water and inorganic minerals which will be heavier 
than water. The Stokes' law formula should really be applied to each sludge 
particle individually, which is impossible, so the bulk average value is used. 
Gravity is not the only force acting on the particles, interparticle interac-
tions also exist. At the colloidal level each particle is subjected to repulsive 
forces from nearby particles. The effect is that these particles will position 
themselves as far apart from each other as possible. The particles are locked 
into position by theses forces and form a 'pseudo-lattice', analogous to a 
·crystal lattice. At the scale in question, these interparticle forces will far 
outweigh gravity, as the previous calculation shows. It may be that the fine 
particles form a 'pseudo-solid' within which larger particles are embedded 
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and unable to move. There may be defects in the lattice which allow some 
particles to move through it (Barnes et al., 1989). Any treatment which 
reduces the inter-particle forces causes the pseudo-lattice to break down, as 
in melting a solid, and so allow the free movement of particles. This theory 
is supported by the experimental data on solids dilution reported in section 
7.7. 
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7.12 Pathogens 
Pathogen removal is an important requirement for sludge treatment with 
progressively improving standards to cope with newly emergent organisms 
and public concern. Treated sludge must achieve a minimum log 2 reduction 
of E. Coli, and enhanced treatment should achieve a minimum of log 6 (Le 
et al., 2002) Pathogen levels in CSTR effluent and ASBR sjn were tested 
using the Palintest Colilert system. Samples were placed in five tubes con-
taining a growth medium. The number of tubes that had changed colour 
after incubation for 48 hours gave an estimate of the concentration of ther-
motolerant (TT) coliforms in MPN /lOOm! and the number of tubes that 
fluoresced in ultraviolet light gave an estimate of the number of E. Coli 
in MPN/lOOml. It was expected that the ASBR would give better results 
than the CSTR because of the extended SRT and better settlement, but the 
actual results, given in Table 7.12.1, were inconclusive. 
Dilution Feed CSTR ASBRs/n 
TT E.Coli TT E.Coli TT E.Coli 
100 500 500 500 0 - -
ioo >1600 >1600 >1600 <200 >1600 <200 
1000 >16000 9000 <2000 <2000 <2000 <2000 
5000 >80000 >80000 >80000 >80000 25000 <10000 
Table 7.12.1: Colilert results in MPN/lOOml 
These results show that both the CSTR and the ASBR reduce the 
pathogen numbers, especially E. Coli. The variability in the feed sludge 
is so great that it has not been possible to find suitable reproducible dilu-
tions to discriminate between the CSTR and the ASBR (assuming there is 
a difference). The Colilert system is easy to use but is too approximate; a 
more sensitive but very time consuming method is the membrane separation 
method. This was attempted on day 220 (April 14th 2005) with the result 
shown in Table 7.12.2. Each sample was divided into two parts. Only the 
ASBR supernatant appeared to be consistently free of bacteria. Otherwise 
the CSTR and ASBR were roughly equivalent. Neither had much effect on 
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the thermotolerant bacteria count. 
Cfu/lOOml Feed CSTR ASBRs/n 
Thermotolerant coliform TNTC 108000 TNTC 66000 0 0 
Faecal coliform TNTC 192000 0 0 0 0 
Faecal streptococci TNTC 30000 0 0 0 0 
Table 7.12.2: Initial results using membrane separation 
TNTC = too numerous to count. 
Regular measurements of faecal streptococci were taken from day 302 
(July 5th 2005). Measurements were carried out at each ASBR draw and 
fill for both ASBR and CSTR. The samples were feed, CSTR effiuent, ASBR 
s/n and sludge. The actual sludges were used; they were not centrifuged. 
Feed was diluted 10000 times, the others were diluted 1000 times. The 
results are shown in Figure 7.12.1 which shows the raw values in colonies 
per 100 m!. Figure 7.12.2 shows the log reduction, as specified in the Safe 
Sludge Matrix, which is defined in Equation 30. 
feed 
log reduction= logw d' d l d zgeste s u ge (30) 
Where feed and digested sludge are in colonies/lOOm!. 
Log red'n CSTR ASBRs/n ASBR si 
Mean -1.1 -2.3 -2.0 
Median -1.1 -2.4 -2.1 
MidRange -0.9 -1.5 -1.5 
StdDev 0.5 0.7 0.7 
Range 2.6 3.9 4.0 
IntQRange 0.8 0.4 0.6 
Table 7.12.3: Pathogen reduction summary statistics 
The CSTR achieved a log 1 reduction whereas the ASBR achieved at 
least a log 2 reduction. The summary statistics for log reduction are in Ta-
ble 7.12.3. A well run mesophilic digester should achieve a log 4 reduction 
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Figure 7.12.3: Pathogen log reduction comparison 
in E. Coli, but the average was 1.35 to 3.36 (Le et al., 2002).The reduction 
for the ASBR supernatant and sludge were similar, with a similar spread. 
The supernatant reduction might have been expected to be higher, because 
it contains less solid material, but it will contain the same nutrients as the 
sludge so it would support the same bacterial regrowth. Factors which affect 
pathogen destruction include temperature, retention period, reactor con6g-
uration, microbial competition, anaerobic growth rates, pH and chemical 
interactions. Temperature alone is not sufficient to inactivate pathogens 
at mesophilic temperatures to achieve a consistent 4 log reduction. Mini-
mal short circuiting, retention time and effective solids separation are more 
responsible for pathogen destruction (Smith et al., 2005). The guidelines 
for the Safe Sludge Matrix include a further minimum four days storage 
(secondary digestion) to ensure the 2 - 6 log reduction. 
The ASBR provides an improvement of these conditions and a greater 
conversion of carbon to gas was anticipated which should discourage re-
growth. Pathogen destruction was not addressed in the Korean investiga-
tions, nor any of the other literature on ASBRs cited. 
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7.13 Capillary Suction Time 
The CST was not measured during the last experiment and not for the full 
duration of the research. The values obtained are given in Table 7.13.1 and 
shown graphically in Figure 7.13.1. 
CST (s) Day CSTR ASBRs/n ASBR si 
19-Dec-05 469 878.5 426.1 377.4 
09-Jan-06 490 961.5 536 
18-Jan-06 499 715.2 712.5 603.3 
26-Jan-06 507 898.1 603.2 564.4 
1-Feb-06 513 823 551.2 
8-Feb-06 520 797.3 134.9 543.3 
15-Feb-06 527 914.2 531.3 
22-Feb-06 534 1090.3 598.4 
1-Mar-06 541 1154.9 481.1 
8-Mar-06 548 1446.8 577.8 579.8 
17-Mar-06 557 1658.6 577.9 582.4 
23-Mar-06 563 1422.4 338.2 401.3 
30-Mar-06 570 1036.1 395.1 433.4 
6-Apr-06 577 920.8 371.6 496.8 
13-Apr-06 584 739.3 496 
Table 7.13.1: Capillary suction time 
CST measurements were started on day 469 (December 19th 2005) and 
were done at each ASBR draw stage. The only additive during this period 
was fat. Figure 7.13.1 shows how CST varied with time. The CSTR data 
are noticeably different with a peak at day 557, which corresponds with the 
similar peak in Figure 6.2.1.1 (feed %TS). The CST of the CSTR digester 
was following the peaks in the feed TS, high TS concentrations giving high 
CST values. The ASBR values are lower and relatively stable, as a result of 
the less frequent feeding and higher SRT smoothing out the variation. 
Corroboration of the effect ofTS on CST is shown in Figure 7.13.2. Both 
the ASBR s/n and sludge have a linear gradient, implying a small change 
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Figure 7.13.3: CST comparison 
CSTs CSTR ASBR s/n ASBR sl 
Mean 1030.5 459.7 518.4 
Median 920.8 426.1 536 
MidRange 1186.9 423.7 490.3 
StdDev 279.4 175.3 70.2 
Range 943.4 577.6 225.9 
IntQRange 301.9 221.0 91.1 
Table 7.13.2: CST summary statistics 
Despite lack of settlement the CST figures for the' ASBR are signifi-
cantly better than those of the CSTR as illustrated in Figure 7.13.3 and 
Table 7.13.2. The ASBR effluents should therefore have better dewatering 
properties than CSTR effluents. The spread for the ASBR sludge is the 
smallest, with a standard deviation of 70.2, with that for the CSTR being 
the largest at 279.4. This simply reflects the overall shape of the curve in 
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Figure 7.13.1. These results were taken as an indication that the extended 
SRT in the ASBR did influence the size and structural nature of the anaer-
obic sludge. The implication of this is that the ASBR produces fewer small 
particles than the CSTR. 
CST values are hard to find in the literature; some typical values for 
conditioned sludge at 5% TS are: 
• 10 seconds for belt presses 
• 15 seconds for filter presses 
• 40 seconds for centrifuged sludge 
• 300 seconds for drying beds (Gray, 2002) 
These values are considerably smaller than the values obtained in this 
investigation, but the values include chemical conditioning can depend on 
how they are measured, for instance how they were normalized to a par-
ticular TS. Previous studies on dewatering of digester eflluent have shown 
no consensus as to how AD affects CST. Lawler et al. found that AD did 
improve dewaterability, but when a digester is stressed it creates small par-
ticles rather than breaking them down (Lawler et al., 1986). AD normally 
breaks large particles down into smaller particles which are then converted 
into biogas. Dewaterability is more sensitive to digester operating condi-
tions than digestion itself. AD changes the particle size distribution. When 
it works well, particles of all sizes are removed, with the preferential loss of 
small particles and loss of specific surface area (J"m2/ g) and so gives bet-
ter dewatering. In poorly working digesters large particles are destroyed 
and small ones created, so increasing specific surface area and degrading 
dewaterability. The specific surface area is a determinant of dewaterability; 
water can bind to these surfaces and they can cause frictional resistance to 
the removal of water (Mahmoud et al., 2003). The presence of ECP may 
also have an effect. One study looked at extracellular polyanions, which were 
thought to be mainly polysaccharides, and their effect on dewatering (Poxon 
and Darby, 1997). These substances would form charged surface layers on 
sludge particles. The results were inconclusive, however the relationship was 
dependent on feed composition rather than just the concentration of ECP. 
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CST has been shown to have potential as a technique for monitoring 
digestion if it can be made reproducible. In these trials the CST tests were 
done at the end and may have been affected by residual coagulant aids, and 
the previous experiments. There is a case for further work using known 
particle sizes and ions. 
7.14 pH and ORP 
The pH in both reactors stayed stable throughout the whole period of the 
experiment. The CSTR pH has been slightly higher than the ASBR for 
most of the time. Neither reactor has become acidic to the extent that it 
ha.S needed any alkali addition to stabilise it. The large feed volumes for 
the ASBR rapidly produced an increased amount of acid but it recovered 
quickly after the feed had ended; this was the case on every occasion. At 
times when the feed was very strong the ASBR feed was spread over two 
days to prevent the pH from falling too low. The ratio of feed time to cycle 
time (f/c) has been cited as a factor affecting ASBR performance (Shizas 
and Bagley, 2002).A longer fill time reduces the rate of acid production, so 
allowing it to be assimilated avoiding acid accumulation, so no reduction 
in pH. A slow fill also helps with assimilation of any other potential toxic 
substances (Bagley and Brodkorb, 1999). The f/c for the ASBR was small, 
because the feed time was very short and volumes were small, and varied 
between 0.003 and 0.72. The f/c with time is plotted in Figure 7.14.2. 
The Korean work mentioned thicken time to react time (r/t) ratios, 
although there was no analysis or interpretation of the data. They ranged 
from 1:1 to 4:1 (Chang et al., 1994; Hur et al., 1999; Lee et al., 2001). 
The kitchen waste digester used a r/t of 12:1. The comparative r/t for the 
ASBR in this study was between 0.58:1 and 6.79:1 with a mean of 2.14:1. 
The variation in r/t is shown in Figure 7.14.1. 
These small f/ c ratios appeared to have little effect on the operation or 
performance of the ASBR but there is also the possibility that loads might 
have been better if the f/c had been larger. The largest f/c was 0.72 when 
a very long fill time was needed to control pH but the majority were in the 
0.01 to 0.04 range. There was no correlation between f/c or r/t with VS 
168 
7 
• 
6 • 
5 
• • 
2 
• 
0 
0 
0.8 
0.7 
0.6 
0.5 
0.3 
0.2 
0.1 
0 . ~ 
0 
•• 
100 200 
.. •• 
300 
Days 
• 
•• 
-
• 
400 
Figure 7.14.1: React to thicken ratio 
• 
• 
•• 
100 200 
• 
• 
300 
Days 
..... .# .. 
400 
Figure 7.14.2: Feed to cycle ratio 
169 
• 
• 
• 
• 
-
• 
• 
500 600 
. ... 
. .; ..... • 
• 
500 600 
removal or gas production. 
ORP stayed almost constant over the experimental period, with the 
ASBR always being less negative than the CSTR. This may have been due 
to differences between the probes, rather than actual differences between 
the reactors. Measurements were taken of samples from the reactors, but as 
these would have been exposed to air, the readings are not representative of 
the actual conditions in the reactors. Changes in ORP occurred after feeds 
when the values would become less negative for a time as would be antici-
pated. This would have been due to the introduction of air with the feed, 
something which is unavoidable but not mentioned in previous work on AD; 
the environment is never entirely anaerobic. The reactors must contain fac-
ultative bacteria which can take up oxygen, restoring anaerobic conditions, 
as evidenced by the ORP falling back to its steady state value. There is 
little in the literature on ORP in anaerobic digesters other than its use as a 
control parameter, usually for combined anaerobic/aerobic systems involv-
ing aeration. The normal range for AD is often stated, as that necessary 
for sulphate and carbon reduction by molecular hydrogen i.e. <-300m V. It 
could be used for measuring the performance of digesters in the same way 
as pH is used for low HRT reactors, but the data from this experiment did 
not provide any useful extra information. 
7.15 HRT and SRT 
Mean monthly HRT and SRT (days) are shown in Table 7.15.1 with a sum-
mary in Table 7.15.2. The calculations used are shown in Section 6.1.6 
on page 87. HRTs were not kept fixed but were allowed to vary. HRTs 
got longer in the ASBR as time passed, due to smaller volumes being drawn 
from the reactor as performance deteriorated. The feed volume for the CSTR 
was around 600 ml per day, not including weekends and occasional holidays. 
This totalled three litres per week, and the ASBR draw was approximately 
the same when possible, to try to keep the OLR for both reactors roughly 
equal. When the ASBR gave poor settlement, the draw volumes were less 
than this, possibly two litres or less, and this led to the long HRTs and low 
OLRs for the ASBR. 
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days month CSTR ASBR 
HRT HRT SRT 
0-24 Sep-04 21 57 147 
25-53 Oct-04 22 127 344 
54-85 Nov-04 25 25 102 
86-115 Dec-04 23 22 
116-147 Jan-05 16 16 
148-175 Feb-05 17 16 
176-206 Mar-05 15 19 149 
207-236 Apr-05 16 59 102 
237-267 May,05 16 27 58 
268-297 Jun-05 15 29 114 
298-328 Jul-05 15 26 42 
329-359 Aug-05 15 24 38 
360-389 Sep-05 15 33 51 
390-420 Oct-05 14 39 48 
421-450 Nov-05 14 22 30 
451-481 Dec-05 16 52 69 
482-512 Jan-06 16 58 
513-540 Feb-06 16 37 60 
541-571 Mar-06 16 36 48 
572-585 Apr-06 18 40 65 
Table 7.15.1: HRT and SRT 
days CSTRHRT ASBRHRT ASBRSRT 
Mean 17.3 29.6 85.4 
Median 16.0 20.0 50.2 
MidRange 19.2 82.3 245.4 
StdDev 4.1 28.4 93.4 
Range 24.6 154.2 467.2 
IntQRange 3.9 12.6 73.5 
Table 7.15.2: HRT and SRT summary statistics 
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When the ASBR was operated as a CSTR, the HRTs of the two reactors 
were approximately the same. The mean SRT for the CSTR was 85 days. 
The HRT for the ASBR over the full 600 days of the experiment has been 
approximately double that of the CSTR; it depended on the cycle time and 
the amount of supernatant taken off. Lower SRTs have been due to the 
removal of larger sludge volumes when the amount of supernatant has been 
low (Table 7.15.1). This was done deliberately to try to keep the loading 
approximately equal to that of the CSTR. The largest SRT, in October 
2004 , was 4 79 days - 1.3 years. The HRT was also the longest this month, 
154 days. This was due to small amounts of supernatant which could be 
withdrawn because of poor settlement. 
The HRT for the ASBR has been higher than that usually assumed for 
CSTRs which is 15 to 20 days (ClWEM, 1996), and the SRT has been lower 
than would otherwise have been achievable because of the need to draw 
larger amounts of sludge to make up for reduced amounts of supernatant. 
Even given these problems however the mean SRT was nearly three times 
the HRT indicating the potential of the process to retain bacteria with very 
low growth rates. 
HRTs used in previous investigations into sludge digestion in ASBRs 
were shorter than those used in this project. They used shorter cycle times 
and shorter thicken times. HRTs were also kept constant in these investiga-
tions, whereas in the present investigation they were allowed to vary. A 10 
day steady state HRT was used for the Korean night soil, starting at 30 days, 
reducing gradually to minimize shock load (Lee et al., 2001). For sewage 
sludge HRTs of five and ten days were used. It was found that organics 
removal increased at longer HRTs and the organic removal in the subnatant 
stayed stable regardless of HRT. Shorter HRTs and longer cycle times gave a 
greater loss of solids because of increased withdrawal volumes. It was stated 
in (Hur et al., 1999) that the SRT and HRT were strongly correlated, and 
the cycle period affected SRT, although no data were given to confirm this. 
The relationship between ASBR SRT and HRT in the present investigation 
is shown in Figure 7.15.1. 
The correlation here is not strong (R2 = 0.4), with a few points and 
more variability at longer HRTs. Most of the points are clustered around 
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Figure 7.15.1: Relation between ASBR SRT and HRT 
the average HRT at 29 days. HRT and SRT are not strongly correlated in 
this case but this could be linked to the relatively high HRT. There was 
poor settlement and loss of sludge in the supernatant which would affect 
the SRT values. Increased settlement time led to larger withdrawn volumes 
and inadvertently greater solids losses although the HRT was increased. If 
HRT and SRT are directly related then this is due to insufficient time for 
replacement growth . 
. In (Chang et al., 1994) the SRT was controlled by solids losses in the 
draw stage, and it was estimated to be 205 days at a three day cycle and 
161 days at a four day cycle. The kitchen waste investigation used 6. 7 to 
13.3 day HRTs although the feed TS varied as well so no conclusion could be 
drawn on the effects of varying HRT. The mean HRTs of the CSTR and the 
ASBR are 17 days and 29 days. The ASBR HRT is longer compared with 
the CSTR because of long cycle times and therefore less frequent feeds, 
approximately once per week as opposed to daily. The ASBR data also 
includes the periods when it was operated as a CSTR, so this will reduce 
the mean HRT. One reason for retaining solids, such as in the ASBR, is to 
be able to reduce HRT but with poor settlement this cannot be achieved. 
Reducing HRT was not a primary aim of this research, although there have 
been previous investigations into 'high rate' digestion, using retention times 
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below ten days, although this is not recommended (Zablatzky and Baer, 
1971). However there are examples of successful digestion at 7.5 days with 
a loading of 6.5 kgDM/m3 /day (Noone and Brade, 1982). Brown gives 12 
days as the minimum HRT and lists sludge treatment centres which use a 14 
day HRT at 6 - 7% dry solids. Taking the solids content over 8% resulted in 
foaming (Brown and Sale, 2002). A survey of 16 digestion plants worldwide 
showed a range of HRTs from 14 to 70 days (Barber, 2005). Retention 
times can be less than supposed because of solids build-up in the bottom of 
the digester. Effective volume ranged from 53% to 95% in another survey 
(Brade, 1981). HRTs could therefore be lower than the values given. 
7.16 Iron 
Up to March 8th 2005 CSTR and ASBR effluent was centrifuged for 20 
minutes at 11000 rpm and the iron content in the centrate measured using 
ICP. After this date sludge from both reactors was acid digested to get an 
estimate of the iron fixed in the sludge. Mean iron concentrations are shown 
in Table 7.16.1. 
day CSTR ASBR s/n ASBR si 
59 4/11/04 0.7 
60 5/11/04 1.7 
81 26/11/04 2.5 
102 17/12/04 1.4 
141 25/1/05 2.0 1.4 
183 8/3/05 3.4 2.9 
575 4/4/06 224.7 169.2 135.7 
578 7/4/06 239.7 64.8 258.3 
Table 7.16.1: Mean iron concentrations (mg/1) 
A large increase in iron concentration occurred during April and it is 
probable that this is in the feed sludge since it is also shown in the control 
CSTR which received no magnetite. The concentrations are similar to those 
quoted for the AD of domestic sludges. Table 7.16.1 shows that all the 
174 
iron was bound to the solids as expected with a negligible amount in the 
supernatant. 
Table 7.16.2 shows average gas production at various magnetite concen-
trations. 
Mag Cone g/1 Hours Gas vol Litre Gas flow Litre/hour 
1 171.2 29.4 0.17 
2 165.0 31.5 0.19 
3 356.5 61.9 0.17 
4 145.2 41.4 0.28 
Table 7.16.2: Gas production with magnetite concentration 
Gas flow stayed constant up to 4g/l additives when there was an increase 
by around 64%. 
Results of settlement tests using 250 m! ASBR eflluent are shown in 
Table 7.16.3. 
Settlement Time Magnetite Sludge vol Sludge vol S/n susp solids 
hours gfl m! % g/1 
52 0 214 85.6 3.4 
72.5 4 174 69.6 2.6 
24 8 184 73.6 2.6. 
96 12 160 64 1.5 
72 8 168 67.2 1.5 
49 4 166 66.4 3.5 
48 4 146 58.4 2.8 
49 4 136 54.4 3.1 
52.8 5 126 50.4 1.75 
48 5 130 52.0 2.0 
50.5 5 142 56.8 1.2 
Table 7.16.3: Settlement test results with magnetite 
ASBR settlement times varied over 24 - 96 hours as attempts were made 
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to improve the operation of the ASBR. which makes comparison more dif-
ficult. The relationship between settlement time and settled sludge volume 
is not linear - settled sludge volumes decrease more slowly with increasing 
time because of hindered and compressive settlement. Increasing the time 
by 24 hours at 4 g/1 magnetite decreases the sludge volume from 69.6% to 
66.4%. At 8 g/1 magnetite increasing the time from 24 to 72 hours reduced 
sludge volume from 73.6% to 67.2%. Longer times do appear to give lower 
suspended solids in the supernatant. Table 7.16.3 has two independent vari-
ables, time and magnetite concentration and the relationship between these 
and settlement is not obvious. Correlations between the variables are shown 
in Table 7.16.4. 
Sludge vol% ss g/1 
Settle time hours O.Ql -0.41 
Magnetite g/1 -0.19 -0.62 
Table 7.16.4: Test settlement correlations 
Neither settlement time nor magnetite addition appear to have any linear 
influence on settled sludge volume. There is a small negative correlation be-
tween settled sludge volume and magnetite concentration which implies that 
increasing magnetite concentration reduces settled sludge volume, but only 
slightly. Both have a greater influence on suspended solids, with magnetite 
concentration having a greater effect. The effect is likely to be associated 
with providing and scavenging additional surface area from the magnetite 
granules. Further work would be necessary to determine settling behaviour 
at high magnetite concentrations, but the magnetite is stable to deteriora-
tion and there are no increases in iron concentrations. 
7.17 Organic Loading Rate 
Organic loading rate (OLR) is inversely dependent on the HRT, but is also 
dependent on the sludge thickness, hence the amount of organic material, is 
fixed by the characteristics of the feed. The variation in OLR is shown in 
Figure 7.17.1, and the peak in the right hand part of the graph shows that the 
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high feed strength pushed up the OLR. This was the most important variable 
in this research because of the changes in the feed sludge characteristics. 
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Figure 7.17.1: OLR 
Table 7.17.1 shows the mean monthly values. 
• • 
• I • 
500 600 
They are around the typical loading rates for sludge digesters of 0.8 -
1.6 kgVSjm3 / day (CJWEM, 1996) although recent studies have indicated 
that up to 4 kgVS/ m3 /day can be achieved with thick feed olids and ac-
climatisation (Brown and Sale, 2002). Barber's survey of digestion plants 
(Barber, 2005) found a range of 0.53 to 2.66 kgVSjrn3 /d although these may 
have been influenced by reduced active volume. Those fo r the ASBR are 
less than the values for the CSTR because of the smaller feed volumes - a 
consequence of poor settlement. 
The statistics in Table 7.17.2 confirm the lower OLR for the ASBR. The 
mean and median are close for each set of results showing a small skew, l. 7 
kgVS/m3 / d for the ASBR compared with 2.2 kgVSj m3 / d for the CSTR. 
Current practice is to load at one to two kgVS/m3 / day. In this case loads 
were mainly controlled by the dilute nature of the feed sludges which were 
often less than recommended. One possible drawback therefore of the ASBR 
is the low OLR.s achievable. One reason is poor settlement but another risk 
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day month CSTR ASBR 
0-24 Sep-04 2.4 1.5 
25-53 Oct-04 1.7 0.4 
54-85 Nov-04 1.5 1.7 
86-115 Dec-04 1.6 1.6 
116-147 Jan-05 2.2 2.3 
148-175 Feb-05 1.9 1.9 
176-206 Mar-05 2.0 1.8 
207-236 Apr-05 2.0 1.3 
237-267 May-05 2.1 1.5 
268-297 Jun-05 1.8 1.4 
298-328 Jul-05 1.6 1.7 
329-359 Aug-05 2.0 1.3 
360-389 Sep-05 2.6 1.8 
390-420 Oct-05 3.8 2.7 
421-450 Nov-05 3.1 2.4 
451-481 Dec-05 3.1 1.5 
482-512 Jan-06 3.1 2.1 
513-540 Feb-06 2.7 1.1 
541-571 Mar-06 3.6 2.0 
572-585 Apr-06 2.7 1.4 
Table 7.17.1: Mean monthly OLR values (kgVSjm3 /d) 
OLR (kgVSjm3jday) CSTR ASBR 
Mean 2.3 1.7 
Median 2.2 1.7 
MidRange 3.8 3.1 
StdDev 0.9 0.8 
Range 6.2 5.7 
IntQRange 1.0 0.8 
Table 7.17.2: OLR summary statistics 
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is acidification during the fill stage; fill volumes are high compared with 
CSTRs and the pH response is quite rapid. This could be overcome by 
using sufficiently long fill times. The fill times in this project were timed 
such that the pH did not fall too low. When the feed was very strong the 
pH would fall to less than 6.8 - the fill time extended to two or three days 
when this happened, small amounts were added with long intervals between 
to allow the pH to recover. The low OLR in this case is due to inadequate 
settlement restricting feed volumes rather than anything inherent in the 
process. It is possible that the ASBR is capable of OLRs equal to or higher 
than the CSTR, if the fill time is controlled to prevent acid build up. In the 
previous investigations, Lee et al., for night soil digestion had an OLR of 
2.6 kgVSjm3 jd (Lee et al., 2001). The sewage sludge ASBRs were between 
0.8 and 3.6 kgVS/m3 /d (Chang et al., 1994; Hur et al., 1999), and these 
also show that high OLRs are achievable. The highest mean ASBR OLR 
achieved in this investigation was 1.7 kgVSjm3 /d (Table 7.17.2). 
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8 Conclusions and Recommendations 
Limited previous investigations have shown that the ASBR is capable of 
higher gas production and solids breakdown than the CSTR. The present 
investigation also showed that the ASBR is capable of superior performance 
but it was unable to achieve this reliably because of poor settlement. The 
ASBR is not practical for sludge digestion unless consistent and effective 
settlement or flotation is possible. Ineffective settlement gives poor quality 
supernatant with a high solids content, and it also means loss of solids 
from the reactor which then shortens the SRT. This defeats the object of 
the ASBR, solids build-up is needed to increase retention of slow growing 
bacteria and to increase time for the biodegradation of refractory solids. 
The high solids concentration and the presence of fine particles may be 
responsible for this; the existence of a pseudo-lattice of fine particles bound 
together by repulsive forces is also a possible mechanism for immobilising 
particles within the sludge, preventing settlement. 
Trends drawn from the data i.e. the initial conversion to ASBR from 
CSTR gives good settlement to begin with until solids accumulate beyond 
the critical point. The dilution experiments also produced temporary im-
provements in settlement which declined as the solids re-established them-
selves. The conditions in the ASBR in terms of pH, redox, alkalinity and 
specific gas production were similar to those in the CSTR so ASBR opera-
tion has had no adverse effects on stability or performance. 
The ASBR was shown to have better performance than the CSTR for 
pathogen reduction, giving approximately an additional log one improve-
ment over the CSTR. It was concluded that this was due to the long SRTs 
and the lack of short circuiting. Operating a conventional CSTR using 
draw then fill rather than displacement might also give an improvement in 
pathogen destruction. 
Dewaterability of the ASBR was also better, as measured by CST. The 
fundamental reason for this is not entirely clear, and needs further work. 
Possible reasons were the longer SRT creating larger floes. It will depend on 
solids concentration, surface characteristics and particle sizes. Two sugges-
tions for this are that in the ASBR the particles are so fine as not to aflect 
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the CST or alternatively the ASBR somehow promotes the re-suspension 
of fine particles other wise held in the conventional CSTR sludges. Thus 
it is suggested that the accumulation of these fine solids eventually inhibits 
settlement of even larger solids. Further work is needed on the particle size 
distribution and turbidity of the supernatants to advance this hypothesis 
To get reliable settlement thus appeared to need some form of promoter 
which can overcome repulsive forces or sweep up particles to reliably cause 
flocculation, which could ultimately lead to granulation. Chemicals such 
as polymers or iron could be used but natural or recyclable materials were 
preferred. Fibrous materials which it was hoped would cause flocculation by 
entrapment were tried but it was found that they had no effect. Similarly 
the recyclable granular materials, to which particles might have adhered, 
such as iron and resin, were also ineffective. Very high concentrations may 
be needed for any effect. This may be all right if the material is also a 
biofilm carrier, as it could provide a high biomass concentration. These 
initial experiments with iron granules identified problems with uncontrol-
lable precipitation. For sacrificial materials this would be inactive space, 
which would reduce the effective volume of the digester, so in this. case very 
high concentration may not be suitable. Digester mixing has been shown 
to be difficult by this research, supporting previous work. It may be possi-
ble that, given time for acclimatization, these methods might have worked, 
but another investigation would be needed to test this. Other more surface 
active carriers are worth testing if this type of easily recyclable material 
becomes available. The overall results suggest that improving sludge age by 
settlement with additives such as those tried is not easily achieved. Modern 
digester practice aims to achieve 3 - 4% TS in digesters from 6 - 8% TS 
feeds. The most likely interpretation of the data obtained is that at these 
and the lower concentrations tried in these experiments (1 - 2%) are still 
too high for improved fluid behaviour such as simple settlement. There is 
little data on settling behaviour of AD solids other than in the UASB and 
more fudamental work is needed. 
Biomass recycle was not achieved. There was no visible evidence of · 
biofilm growth on either the Miex@ resin or the magnetite particles. This 
might also be due to there being inadequate time for the establishment of 
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a biofilm, and a further investigation focussing on this may be worthwhile, 
as there does not appear to be any work done on the selective retention or 
recycling of solids. 
Further work on the ASBR would investigate the use of natural additives 
to promote flotation e.g. long chain fatty acids, as this might be more reliable 
than settlement. Previous work on inherent flotation could not be repeated. 
Gas production within the sludge could cause flotation, but this did not 
happen. Gas introduced from the bottom of the reactor might be effective 
in sweeping particles upward, but it could not be tried in these experiments. 
This is not a new idea, having been used in dissolved air flotation. It might 
be possible to use gas flotation in full scale digesters, making use of existing 
gas mixing systems. 
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Appendix A Data Collection 
Online data collection was by a Lab VIEW program. This wrote sensor 
data to a file once every minute. The data were in columns in the file, the 
order of the columns being: 
• Date 
• Time 
• Elapsed time (since the program was started) (hours) 
• CSTR gas flow rate (ml/hour) 
• CSTR cumulative gas production (m!) 
• ASBR gas flow rate (rnl/hour) 
• ASBR cumulative gas production (m!) 
• CSTRpH 
• ASBRpH 
• CSTR ORP (m V) 
• ASBR ORP (m V) 
• ASBR temperature (oC) 
This file could be imported directly into Excel, where the following addi-
tional columns were added: 
• CSTR feed time (a 1 is entered in the column on the row corresponding 
to the time the feed was started.) 
• ASBR fill time (a 1 is entered in the column on the row corresponding 
to the time the fill stage was started.) 
• CSTR cumulative gas production per feed (m!) 
e' ASBR cumulative gas production per feed (m!) 
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Charts of gas production rate and cumulative gas production could then 
be created, with feed times indicated by arrows. The total gas per feed is 
copied to a spreadsheet containing all the data for that particular month. 
The data recorded for each feed were: 
o Feed volume (m!) (CSTR) 
o s/n draw (m!) (ASBR) 
o si draw (m!) (ASBR) 
o Fractional VS 
o Feed mass (kg) 
o Feed VS (kg) 
o Depth (cm) (ASBR) 
o Liquid volume (!) (ASBR) 
o Settled sludge volume (!) (ASBR) 
o Percentage sludge (ASBR) 
o HRT (d) 
o OLR (kgVSjm3 /d) 
o llipley's Ratio 
o Alkalinity (mg/1 as CaC03) 
o Feed TS (g/1) 
o Effiuent TS (g/1) (CSTR) 
o s/n TS (g/1) (ASBR) 
o siTS (g/1) (ASBR) 
o sjn SS (g/1) (ASBR) 
o si SS (g/1) (ASBR) 
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• VS remaining (g) 
• VS removed (%) 
• Total gas per feed (m!) 
• Time between feeds (h) 
• Thicken time (h) (ASBR) 
• Fill time (h) (ASBR) 
• Total gas per day (m!) 
• Specific gas (m3 /kgVSremvd/d) 
• Specific gas (m3 /m3 reactor vol) 
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